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ABSTRACT 
 
The reliability of flexible electronic devices needs to be characterized to ensure that 
these devices can function after repeated stretching and bending. Many of these devices 
contain metallic films bonded to polymer substrates.  This research is therefore focused on 
understanding the electrical performance and mechanical behavior of these incorporated 
metallic thin films.  Some work has already been published in this area that has provided 
insight on both when mechanical failure occurs in the metallic film (cracking or 
delamination) and also identified when through-thickness cracks initiate and/or propagate.  
Other studies have monitored in situ resistance measurements to determine when electrical 
performance decreases or ceases.  Contributions have detailed how different methods of 
straining, such as monotonic tensile straining, uniaxial cyclic tensile straining, and bending 
fatigue, influence the electrical performance.  These contributions have primarily focused 
on Cu films, and this body of work extends the prior work to also include Ag films. 
This study explores the effects of an adhesion layer (Ti), the magnitude of film 
thickness (200 to 1,800 nm), and substrate (Kapton, PEN, PET) on the electro-
mechanical performance of sputtered Ag films.  The electrical performance (resistance) of 
Ag films was measured during monotonic and cyclic in situ tensile testing and also before 
and after bending.  Analysis of the electrical resistance and surface imaging was conducted 
in an effort to correlate mechanical failures to the electrical behavior. The normalized 
resistance results showed that the inclusion of an adhesion layer could be detrimental to 
the electro-mechanical behavior of the Ag films in tensile testing, but not always during 
bending.  It was also observed that changing the film thickness between 200 nm and 1,800 
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nm also affects the electrical and/or mechanical behavior of the films in different straining 
modes.  In monotonic tensile testing, the inclusion of the adhesion layer increased the crack 
density observed in the Ag films, but there was no evident influence of film thickness.  
However, in cyclic fatigue testing, both the inclusion of an adhesion layer and changing 
the film thickness were separately observed to effect the cracking behavior in the films and 
the normalized resistance profiles from the 900 nm Ag films.  
When examining films subjected to bending fatigue tests, a difference in the 
cracking behavior of the films was observed.  It was seen that film thickness and an 
adhesion layer affected the performance to different degrees.  The types of cracks and 
deformation present in the Ag film were observed to be dependent on the inclusion of an 
adhesion layer.  In some cases, linear crack density in 900 nm Ag films was also measured 
to be lower for films with an adhesion layer, but in 200 nm Ag films cracks only appeared 
in films with an adhesion layer with larger crack densities than 900 nm Ag films.  
When model PVD Ag films were compared to printed Ag, there was a marked 
difference between cyclic and monotonic behavior of the PVD films and printed films.  The 
electrical performance in printed films appeared to degrade at much lower strains than PVD 
Ag films in monotonic tests.  In cyclic tensile tests, the printed films were observed to have 
a different normalized resistance profile over cycles than PVD films with the same 
maximum strain.  For all tests performed on printed Ag, the films exhibited brittle cracking 
facilitated by pores and did not always propagate perpendicular to the straining direction.  
These differences in electro-mechanical behavior may be attributed to many factors 
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including the film structure resulting from the printing process, surface defects, residual 
polymer from printing, or ink composition. 
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CHAPTER ONE 
OVERVIEW OF FLEXIBLE ELECTRONIC SYSTEMS 
1.1. Background and Current Applications 
Electronic devices have had a major impact on the world.  Currently, these devices 
are being heavily integrated into everyday life and are used to connect people around the 
globe.  The extent of the influence of electronic devices on society has been the subject of 
many studies [1–5].  An investigation by Nielsen in 2014 focused on identifying the 
number of hours per day that adults utilized electronics.  They found that on average U.S. 
adults over the age of 18 used electronic devices around 11 hours per day [4].  The current 
use and predicted market expansion of electronic devices [6] drives new materials research 
within academic, industrial, and government laboratories.  Research within these 
laboratories focus on developing new materials and device designs to enhance the 
performance in electronic devices.  
However, new applications for electronics have shifted some device design 
requirements to be relatively lightweight, bendable, stretchable, and more cost efficient 
compared to traditional electronic designs.  All electronic devices that are more bendable 
and/or stretchable than traditional electronic devices are now termed ‘flexible electronics’ 
[7].  Over the past ten years the number of publications related to flexible electronics has 
grown from roughly 6,100 in 2006-2007 to more than 12,400 in 2016-2017.  Review of 
research related to flexible electronic devices show that these devices are either currently 
incorporated or explored for incorporation packaging, communications, alternative energy, 
display technology, sensors, and medical devices [1,8–13]. Within these areas devices 
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include flexible displays [14–16], solar panels [9,10], and radio frequency identification 
tags [11], stretchable sensors [13,17,18], and health monitoring devices [12,19].  
To make electronics flexible, designers changed the structure to include a flexible 
substrate.  By utilizing thin film technology on flexible substrates, such as polymer and 
metal foils, designers are able to reduce device size and weight, create new applications, 
and expand current applications into new fields.  This study utilized various methods for 
straining metallic thin films bonded to polymeric substrates while also examining the 
electrical performance and the mechanical behavior of the film/substrate systems.  In doing 
so, this outlined research aims to further the understanding of the relationship between 
electrical performance and mechanical behavior of metallic films under strain. This chapter 
briefly discusses the use of metallic features in electronic devices, provide an overview of 
current deposition methods, and outline the methodologies for testing film systems under 
applied strain.  Lastly, the specific research goals and intended contributions to the field 
will be discussed.   
1.1.1. Metallized Components of Commercial Devices 
Electronic devices are configurations of electrical components that are assembled 
to fulfill a purpose.  These components are made from conducting, insulating, and/or 
dielectric materials [12,13].  The material from which each components is made depends 
on the desired properties (Tables 1.1 and 1.2) and can include polymers, ceramics, or 
metals [12,13].  Metals are used for applications where high electrical conductivity is 
necessary, such as electrodes, contacts, and interconnects [1,10–13].  Metals, such as Al, 
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Ag, Au, and Cu, are often used due to their high electrical conductivity (6.3 x 107 S/m for 
Ag to 3.5 x 107 S/m for Al) and ability to withstand moderate strains before failure [13,20]. 
Table 1.1:  Bulk properties of commonly used metallic thin films in flexible electronic 
applications. (Compiled by Mr. B. Grazcyk) 
Material 
Density  
(g/cm3) 
Melting 
Temperature  
(°C) 
Resistivity  
(nΩ•m) 
Young’s 
Modulus  
(GPa) 
Poisson’s 
Ratio 
Ref 
Cu 8.93 1085 16.7 128 0.31 
[20] 
Ag 10.5 961.9 14.7 71.0 0.37 
Pt 21.5 1668 106 120 0.36 
Au 19.3 1064 23.5 78 0.45 
Al 2.70 660.4 26.2 70 0.35 
 
Table 1.2:  Properties of commonly used polymers for substrates in flexible electronic 
applications.  (Compiled by Mr. B. Grazcyk) 
Material 
Density  
(g/cm3) 
Glass 
Transition 
Temperature  
(°C) 
Melting 
Temperature 
[Decomposition 
Temperature]  
(°C) 
Young’s 
Modulus 
(GPa) 
Poisson’s 
Ratio 
Ref. 
Kapton 1.42 360 – 410 - [>400] 2.5 0.34 [21] 
Poly(ethylene  
naphthalate) 
(PEN)  
1.35 113 – 125 265 [440] 2.2 - 6.3 0.34 [22,23] 
Poly(ethylene 
terephthalate)  
(PET)  
1.38 72 264 [283-306] 2 – 5 0.37-0.44 [23–25] 
Biaxially-
oriented  
poly(ethylene 
terephthalate) 
(BoPET)  
1.38 72 264 [283-306] 2 – 4 0.37 [23] 
  
1.2. Metallic Thin Film Deposition Techniques for Flexible Electronics 
The properties of the electrodes, contacts, and interconnects depends on the 
composition along with the film thickness and microstructure (grain size, porosity, etc.) 
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[26].  When the film thickness or microstructure of the metal film are altered, some of the 
properties listed in Table 1.1 can change.  Therefore, researchers should consider how films 
are deposited, which has been shown to influence the film microstructure.  Deposition 
techniques for thin films can be broadly categorized into two groups, physical and chemical 
deposition.  Physical deposition techniques are often used for metallic thin films.  Most 
techniques fall under the category of physical vapor deposition (PVD), which includes 
sputtering, evaporation, pulsed laser deposition, and molecular beam epitaxy.  PVD 
techniques utilize a controlled physical process in a vacuum to remove material from a 
solid target and deposit the material onto a substrate as a film.  In electronic devices, 
metallic components are often deposited using forms of PVD, primarily sputtering or 
evaporation, and in some cases plasma-enhanced chemical vapor deposition or other form 
of CVD.  Although, CVD techniques are usually reserved for the semiconducting or 
ceramic components [27].  
 Additionally, printing has been a point of interest for fabrication of flexible 
electronic devices [1,12].  Printing methods would generally fall under physical deposition, 
but some methods of printing can also employ versions of CVD to deposit certain types of 
films [12].  Printing of metallic films typically uses an ink with suspended metallic 
particles.  This ink is deposited onto the substrate in the desired pattern then heated to 
remove the solvent and sinter the metallic particles to form the film [28].  Printing of 
electronic devices has been projected to be a cost effective process since it could allow for 
higher throughput manufacturing and therefore reduce device cost [1,12].  Many research 
groups have centered their research on printed metallic films to test the viability for 
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applications [11,12,29–32].  Some methods explored for printing of devices and 
components will be covered in Chapter 5. 
When films are deposited onto a surface, called a substrate, the behavior the film 
can be influenced by the type of substrate used.  Some common substrates for electronic 
systems are alumina, silicon, germanium, and polymers such as those in Table 1.2.  The 
reliability of films is often tied to the adhesion of the film to the substrate.  In order to limit 
delamination, researchers have often used thin adhesion layers that are deposited onto the 
substrate before the film [33–35].  This adhesion layer, or interlayer, helps to promote 
adhesion between the film and the substrate to minimize problems that can arise due to 
poor adhesion [27,33–36].  Although, recent work as shown that these interlayers do not 
improve adhesion and can act as sites for crack initiation [35,37] 
1.3. Electrical and Mechanical Performance of Metallized Systems 
As noted previously, metallic films must maintain their functionality throughout 
the expected lifetime of a device.  Therefore, the electrical performance of the films must 
be examined when the films are strained.  The electrical performance of metals relates to 
the film’s ability to conduct electricity and maintain a circuit.  For instance, if the resistance 
in a metallic interconnect becomes too large, the functionality may be lost.  The electrical 
performance may be altered by damage in the film, such as cracking or necking, that occurs 
under stain.  Therefore, both mechanical damage and electrical performance should be 
characterized.  These two factors can be examined using mechanical tests with in situ 
resistance measurements to observe the changes in the electrical performance during the 
tests. 
 6 
Using in situ mechanical tests, others have observed that cracking can have a major 
impact on the electrical performance of the metallic thin film [38–41].  As the number of 
cracks and size of cracks increase, the pathways for electrons to flow through the metal 
film become smaller causing increases in resistance across the film.  Drastic increases in 
resistance due to cracking can in turn cause problems for metal films in flexible electronics 
applications. 
Various methods of mechanical testing of flexible electronic devices have been 
designed and used by several research groups [12,13,18,32,33,42].  These different 
methods are designed to test the various properties of flexible thin films to determine their 
limitations and applicability to flexible devices [13].  Two of the common methods for 
testing the electrical and mechanical reliability of metallic thin films on flexible substrates 
are bending fatigue testing and uniaxial tensile testing [13,32,33,38,43–45].  To monitor 
the electrical behavior of the films, groups usually use in situ resistance measurements 
across the film to help determine.   These two types of testing are usually modified to 
estimate application strains and simulate the lifetime of the material in an application. 
Prior research has shown that when the metallic films are strained, different types 
and amounts of damage can be induced.  This damage can include plastic deformation [46], 
debonding from the substrate [33], and cracking [40] can occur and can affect the electrical 
performance of the film.  Researchers have shown that ductile films, such as Au, Cu, and 
Al, tend to exhibit behavior of necking before fracture of the film occurs when bonded to 
polymer substrates [33,40,47].  In films such as Ti, Cr, or Mo, the films tend to exhibit 
brittle fracture when strained [34,37,48,49].  These two types of damage can appear in the 
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surfaces of metallic films as extrusions, microcracks, or long channeled cracks.  In ductile 
films, microcracks and extrusions have been seen to be most common, and in brittle films, 
long channeled cracks tend to occur from brittle fracture [37,40,50–52].   
1.4. Research Objectives 
This study will use various methods for straining metallic thin films bonded to 
polymeric substrates while also examining the electrical performance and the mechanical 
behavior of the film/substrate systems, and in doing so, this outlined research aims to 
further the understanding of the relationship between electrical performance and 
mechanical behavior of metallic films under strain to help inform materials selection in 
flexible electronic applications.  The specific goals were to: (1) investigate the effect of 
adhesion layers, film thickness, and substrate on the electro-mechanical behavior of Ag 
thin films under different straining conditions and (2) make a comparison between the 
electro-mechanical behavior of model PVD films and printed Ag films. 
In the following thesis, the background and methodology of three straining modes 
will be discussed, uniaxial monotonic tensile testing (Chapter 2), cyclic tensile testing 
(Chapter 3), and cyclic bending fatigue testing (Chapter 4).  The findings from each type 
of testing on Ag thin films will be presented and conclusions drawn.  A comparison will 
be made between PVD and printed films in Chapter 5, and a summary and conclusion will 
be presented along with future work in Chapter 6. 
Film thickness, substrate, and adhesion layers have been shown to have varied 
effects on the electro-mechanical properties of metallic thin films under strain 
[32,37,40,53–55].  Since flexible electronics may use a wide range of substrates and film 
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thicknesses, it is important to explore these factors when examining performance.  In 
traditional systems on rigid substrates, the role of adhesion layers is to improve the 
adhesion between the film and substrate, but it has been shown in flexible systems that 
these layers can have varied effects [27,33,37].  This indicates that traditional thin film 
findings on rigid substrates cannot always be directly translated to systems with flexible 
substrates.  These factors will be examined under bending and stretching conditions to 
understand where they are influential. 
Printed devices may provide manufactures with a relatively low cost, high-
throughput manufacturing process.  Ag films have been printed to give a comparison to 
model PVD films in various straining modes. 
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CHAPTER TWO 
 
UNIAXIAL MONOTONIC TENSILE TESTING OF METALLIC THIN 
FILMS ON POLYMERIC SUBSTRATES 
 
A major concern for flexible electronic designers is that the incorporated materials 
are able to withstand the applied mechanical strains during their anticipated lifespans while 
also maintaining acceptable electrical performance. Many researchers have termed this 
interaction of the electrical and mechanical performance as the electro-mechanical [38,46]. 
Flexible electronics are typically expected to experience mechanical strain during their 
lifetimes caused by stretching [9,56], rolling [57], bending [30,32], or folding [1,57].  In 
addition, the materials must also withstand the strains and bending modes that may be 
associated with the manufacturing process as well as those applied by the end user [13]. 
Applied strains may result in damage that can include plastic yielding, cracking, etc.  When 
this occurs in the metallic lines, it can alter the electrical performance.   
There are many laboratory tests used to characterize how flexible electronic system 
performance changes under applied strain [13,33,40,43,58]. Two of the most commonly 
studied straining methods are uniaxial tensile testing or stretching and cyclic bending 
fatigue testing [32,33,43,59].  Using these methods, deformation due to different amounts 
of straining and its influence on the electrical performance of conductive films can be 
examined.  In this chapter, the focus will be on uniaxial tensile testing and monotonic 
testing, in particular. 
2.1. Introduction to Uniaxial Monotonic Tensile Testing 
Uniaxial tensile testing is a method in which samples traditionally are fixed on one 
end and strained in one direction.  Tests can be separated into two categories: monotonic 
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and cyclic tensile straining.  In monotonic tensile testing, a sample is only loaded to a 
maximum strain and unloaded once.  The force and displacement are usually monitored 
and some in situ studies also measured film stresses or observed cracking [47,60].  The 
maximum strain of each test is selected based on the film and substrate system to test the 
deformability and electro-mechanical limitations of the film [58].  In contrast to monotonic 
testing, cyclic tensile testing focuses on loading where samples are repeatedly loaded to 
low strains and unloaded for a specified number of cycle counts that is meant to simulate 
application strains over a device’s lifetime [40].   
The strains tested in metal films can vary greatly with different film parameters 
demonstrated by Xiang et al. that showed that film adhesion to the substrate plays a major 
role in the deformability of a metallic film [33].  By testing metal films that were poorly 
bonded to a polymer substrate and a well bonded film the achievable strains could differ 
from 2% to 30% for the two levels of adhesion, respectively [33].   
As part of these testing methods, resistance is often monitored since the films are 
meant for electronics applications [54,58,61].  For conductive films, in situ resistance 
measurements are often used as well to observe the electrical performance [44,58].  
Changes in electrical resistance, as noted in Glushko et al. [59], can be attributed to changes 
in sample geometry and structural modifications of the film, most notably the formation of 
necks and cracks.  The resistance, R, metallic film or line can be calculated as:  
𝑅 = 𝜌
𝐿
𝐴
    (2.1) 
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where ρ is resistivity, L is sample length or gage length in tensile testing, and A is the cross 
sectional area [26,44].  Resistivity is a material property and is therefore assumed to remain 
constant and the initial resistance can be defined by: 
𝑅0 = 𝜌
𝐿0
𝐴0
    (2.2) 
where R0, L0, and A0 represent the initial resistance, gage length, and cross sectional area, 
respectively [44].  It should be noted that the electrical resistivity is a function of the 
mobility of electrons, which is a measure of the ease of electron motion through the 
material [26].  This mobility can be affected by microstructural changes, such as changes 
in grain size [32,62].  A normalized resistance (R/R0) can then be formulated using Eq. 2.1 
as the resistance during straining where L is the gage length during straining (L = L0 + ΔL) 
and A is the cross sectional area.  In the elastic region, the engineering strain (ϵ = ΔL/L) 
and Poisson’s ratio, ν, is related to the normalized resistance by: 
𝑅
𝑅0
= (1 + 2𝜈) · 𝜖 + 1  (2.3) 
As a film is plastically deformed, it can often be assumed that the volume of the sample is 
held constant when there is no phase change (L x A = L0 x A0).  The relationship between 
engineering strain and normalized resistance can be approximated by [44,58]: 
𝑅
𝑅0
= (
𝐿
𝐿0
)
2
≡ (1 + 𝜖)2  (2.4) 
In monotonic tensile testing, normalized resistance is expected to follow the line 
shown in Fig. 2.1, plotted from Eq. 2.4, until a deviation strain within ductile films or a 
fracture strain for brittle films is reached.  The difference in terminology of this critical 
strain in ductile and brittle films is due to the types of cracking seen in the types of films.  
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Ductile films normally neck prior to cracking and can often have small microcracks that 
cluster or propagate into larger cracks without going through the thickness of the film [40].  
In contrast, brittle films tend to crack with little to no prior deformation and these cracks 
tend to develop through the thickness of the film quickly after initiating [37,40]. 
 
Fig. 2.1: The change in the normalized resistance of metallic films during tensile strains 
can be predicted using Eq. 2.4.  This model only takes into account the strain of the system 
and no other factors, such as the strain hardening coefficient, film thickness, or grain size. 
 
In ductile films, this deviation from the theoretical prediction most likely indicates 
a critical density of necking or cracking in the film independent of the substrate has 
occurred, and if the film continues to be strained after this point, through-thickness cracks 
will propagate further [33,59]. For brittle films, deviation at the fracture strain indicates 
that through-thickness cracks have developed enough to cause increases in the normalized 
resistance. It should be noted that the resistance ratio (R/R0) is only a good indicator for 
brittle film fracture, due to the fact that when through-thickness cracks form they generally 
form across the whole sample width [37]. As soon as a through-thickness crack forms 
across an entire sample width, the electrical resistance increases because the crack does not 
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allow current to flow. The R/R0 has been shown to be useful to determine the crack onset 
strain, or fracture strain, of brittle films such as Mo, printed Ag, or indium tin oxide (ITO) 
[30,48,63]. In ductile films, like Au, Cu, and Ag, plastic deformation occurs before 
through-thickness cracks form. This deformation is dependent on factors such as the film 
thickness, stiffness, and microstructure [42,53,61]. What is different about the R/R0 
response for ductile films under tension is that the deviation from theoretical prediction can 
be a consequence of the formation of necks, or localized regions of the film that are 
thinning [46], or the formation of a high density of short through-thickness cracks [37].  
2.2. Experimental Methods 
Film systems fabricated for this study were designed to observe the impact of film 
and substrate properties, presence of adhesion interlayers, and film thickness.  Ag thin films 
were fabricated for this study and the methods for deposition, testing, and characterization 
are detailed below.  The films described were used in testing outlined in Chapters 2-4. 
2.2.1. Deposition of Metallic Films and Characterization 
Ag thin films were deposited onto four different substrates using the sputter 
deposition parameters given in Table 2.1.  The substrates included 125 μm polyimide (PI) 
(DuPont Kapton HN), 100 μm polyethylene naphthalate (PEN) (DuPont Teijin Teonex), 
100 μm polyethylene terephthalate (PET) (Mitsubishi Hostaphan RN).  Films were 
deposited with thicknesses of 200 nm, 900 nm, and 1,800 nm shown in Table 2.2.  Polymer 
substrates were sectioned into dimensions 70 mm by 297 mm.  Ag and Ti deposition was 
performed using a Kurt J. Lesker sputter deposition system using the parameters in Table 
2.1 at Clemson.  
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Table 2.1: Deposition parameters for Ag and Ti films deposited in this study.   
Film Material Ag Ti 
Target Purity 99.9 % 99.9 % 
Base Pressure 1.8 x 10-6 Torr 1.8 x 10-6 Torr 
Working Pressure (Ar) 9.5 x 10-3 Torr 9.5 x 10-3 Torr 
Power 200 W RF 100 W DC 
Sputter Rate 12.6 nm/min 4.5 nm/min 
 
Surface characterization was used to examine defects and film features prior to 
testing and cracking in the films after testing.  Surfaces of as-deposited and tested Ag films 
were characterized using both optical microscopy (OM, Zeiss BX-51) and scanning 
electron microscopy (SEM, a Zeiss Leo 1525).   
Table 2.2: Film systems fabricated for this study were designed to observe the impact of 
film and substrate properties, presence of an adhesion interlayer (Ti), and film thickness.  
Film 200 nm Ag 200 nm Ag/  
10 nm Ti 
900 nm Ag 900 nm Ag/ 
45 nm Ti 
1,800 nm 
Ag 
Substrate      
PI x x x x x 
PEN x x x x  
PET   x x  
 
2.2.2. Monotonic Tensile Test Parameters  
The response to monotonic tensile strain was performed using a MTS Tytron 250 
with a four-point probe set-up incorporated into the sample grips to measure changes in 
resistance across the film in situ with a Keithley 2000 multimeter.  More information on 
the set up was previously published [59].  Specimen for testing were sectioned from the as-
deposited sheets with a razor blade to dimensions 5 mm by 35 mm with a gauge length of 
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15 mm for similarity to previous studied.  Tensile tests were performed at a velocity of 5 
μm/s to a maximum strain of 30%. 
2.3. Results and Discussion 
Monotonic straining tests served to find strains at which the electrical behavior 
deviated from the theoretical prediction and was also used to determine the crack density 
and morphology within the Ag films.  This section highlights the results of the 900 nm Ag 
films.  Additionally, how the inclusion of a Ti adhesion layer modifies the electrical and 
mechanical behavior of the films is examined. 
2.3.1 Ag/Kapton 
The normalized resistance during monotonic tensile loading for 900 nm 
Ag/Kapton was similar in shape for films without (Fig. 2.2 a) and with (Fig. 2.2 b) an 
interlayer (45 nm Ti).  The loading and unloading curves for the Ag films with and without 
Ti interlayers are compared with the theoretical prediction given by Eq. 2.4.  It should be 
noted that both of the curves for the specimens show the expected behavior of normalized 
resistance increasing upon loading while following the theoretical prediction, decreasing 
upon unloading, and after unloading the magnitude of normalized resistance is larger than 
the initial value.  
The normalized resistance of the Ag/Kapton (a) and Ag/Ti/Kapton (b) systems 
were observed to have risen above the theoretical prediction following a quick increase in 
normalized resistance in the first 1-2%.  Following the increase, the slopes of the loading 
curves for both systems reduce to follow the theoretical prediction until approximately 15-
20% strain.  At this point, the Ag/Ti/Kapton films had shown deviation from the 
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theoretical prediction indicating that enough through-thickness cracking has occurred to 
outweigh the increase in normalized resistance due to change in length of the film.  The 
initial jump in normalized resistance has been attributed to the experimental set-up, most 
notably the grips of the set-up, at this point.  This increase, while apparent in all the 
replicates, was not consistent in magnitude across all of the replicates, therefore, to better 
compare to the theoretical model given by Eq. 2.4, the theoretical prediction was offset 
based on the increase in normalized resistance on a sample to sample basis.  The offsets 
ranged from 0.005 to 0.06 for Ag/Kapton and Ag/Ti/Kapton replicates showing a 
variation that may be due to slight differences between loading of each specimen. 
The electro-mechanical behavior of films has also been shown to be affected by the 
film thickness, where thicker ductile films can withstand higher strains before the 
normalized resistance deviates from the theoretical prediction [53].  Lu et al. [53] had 
shown that Cu films of 500 nm to 1 µm on 12.7 µm Kapton substrates were able to follow 
the theoretical prediction beyond 30% strain.  Considering the tested Ag films in this study 
were 900 nm, we would have expected that the films would adhere to the theoretical 
prediction for monotonic loading to at least 20% strain.  
While the decrease in normalized resistance was expected upon unloading, the 
normalized resistance dropped below the theoretical prediction.  This might be due to 
changes in the film, such as grain growth.  Grain growth has been documented in cyclic 
tensile loading of Cu films by Glushko et al. [61] and would require other in situ 
experiments to provide evidence.  After unloading, the magnitude of the normalized 
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resistance would be expected to drop further until the viscoelastic recovery of the polymer 
substrate is complete [64].  
When the normalized resistance during loading remains very close to the theoretical 
prediction, it cannot be assumed that no deformation occurs.  Other in situ studies using 
scanning electron microscopy (SEM), atomic force microscopy (AFM), confocal laser 
scanning microscopy (CLSM) have shown that metallic films can plastically deform under 
tensile strain at low strains with no changed in measured resistance.  Berger et al. [62] 
reported straining 200 nm thick Cu films and imaging using AFM.  Therefore, it is not 
possible to use electrical resistance alone to sense deformation.  This is one of the reasons 
to study further how to monitor the electro-mechanical properties of ductile, metallic films.  
 
Fig. 2.2: The characterization of the change in normalized resistance during applied tensile 
load (black line) and unloading (solid grey line) is compared with the theoretical model 
(dashed line) and an offset version of that model (dotted).  In particular, the influence of 
interlayers on the Ag film normalized resistance-strain is demonstrated within graphs (a) 
and (b). The system structures for the respective graphs were: (a) 900 nm Ag/Kapton, (b) 
900 nm Ag/ 45 nm Ti/ Kapton. The graphs show the increase in normalized resistance 
upon loading of the samples and the decrease to a magnitude above the initial upon 
unloading.  
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The inclusion of a Ti interlayer into the 900 nm Ag/Kapton system altered the 
loading portion of the normalized resistance curve.  Compared to the films without an 
interlayer, the film in Fig. 2.2 b has a slightly higher normalized resistance at 30% strain, 
but, upon unloading, both curves decrease to R/R0 values of approximately 1.2.  However, 
the SEM images do show different cracking behaviors (Fig. 2.4).  Others have found that 
adhesion interlayers are actually detrimental to the electro-mechanical behavior for 200 nm 
Cu films [37,50].   
When replicates from monotonic tensile tests were compared to each other (Fig. 
2.3), all Ag/Kapton replicates were observed to have followed the theoretical prediction 
consistently up to approximately 25% strain.  In contrast, the replicates of systems with Ti 
interlayers (Ag/Ti/Kapton) were observed to deviate between a range of 10% to 30% 
strain.  This suggests that the Ti interlayer may, but not always, initiate damage at strains 
higher than 10%.  The difference in normalized resistance at the maximum strain between 
film types ranged from a 2-13% increase for Ag/Ti/Kapton films.   
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Fig. 2.3:  Comparison of the strain vs. normalized resistance plots of the loading curves for 
900 nm Ag/Kapton and 900 nm Ag/45 nm Ti/Kapton.  The plot shows the tendency of 
Ag/Ti/Kapton films to deviate from the theoretical prediction in the range of 10-15% 
strain. 
 
 
Regions of high and low observable crack density were distributed across the 
Ag/Kapton and Ag/Ti/Kapton films (Fig. 2.4). Films with an interlayer 
(Ag/Ti/Kapton) exhibited more cracking than those without (Ag/Kapton).  This 
observation coupled with the normalized resistance plots suggests that the critical crack 
density to change the normalized resistance has not been reached for these film systems. 
The cracking in the films (Fig. 2.4) was also observed to occur in areas where preexisting 
defects were present, such as scratches and hillocks formed before tensile straining.  These 
surface defects might have contributed to the initiation and/or propagation of the observed 
small cracks. 
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Fig. 2.4: SEM micrographs of Ag/Kapton (a) and Ag/Ti/Kapton (b) that have subjected 
to monotonic tensile straining up to 30%.  For both images the tensile straining direction 
is in the vertical direction.  Both samples exhibited cracking in the films that appear to be 
localized in areas of defects in the films, however the film with the Ti interlayer has a larger 
density of cracks. 
 
2.3.2.  Ag/PEN 
The normalized resistance vs. strain plots for 900 nm Ag films on PEN (Fig. 2.5) 
with and without a Ti interlayer were compared to the theoretical predication.  Both film 
systems (Ag/Ti/PEN and Ag/PEN) exhibited the expected behavior of normalized 
resistance increasing during loading and then decreasing upon unloading to a normalized 
resistance above ‘1’.  However, the normalized resistance curves did not appear to follow 
the theoretical prediction closely after the initial increase, discussed in the previous section, 
but the loading curves then deviated further from the theoretical prediction at 12.5% and 
5% strain for the Ag/PEN and Ag/Ti/PEN, respectively.  This deviation could indicate that 
the Ag films had reached a critical crack density, at which point factors other than strain 
become more influential, such as crack length or crack density.  In order to determine the 
contributing factors to this deviation, a more specific study with multiple in situ methods 
would be required. The deviation strains, in this case, most likely correspond to a large 
(a) (b) 
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enough through-thickness crack density to cause a change in the electrical behavior and 
should not be considered a “fracture strain.” But, clearly the Ti interlayer does improve the 
deviation strain. 
 
Fig. 2.5:  The change in normalized resistance during monotonic tensile straining is 
compared to the theoretical prediction given by Eq. 2.4 is shown.  In particular, the 
influence of a Ti interlayer is shown for the film systems of: (a) 900 nm Ag/PEN and (b) 
900 nm Ag/ 45 nm Ti/PEN.  Both film systems show an increase in normalized resistance 
upon loading and a decrease upon unloading to a magnitude above the initial value.  
Additionally, both curves exhibit a distinct deviation from the theoretical prediction at 
strains of approximately 12% and 5% for (a) and (b) respectively. 
 
The unloading behavior of the film without an interlayer was similar to other tests 
with the unloading curve dropping below the loading curve before plateauing.  However, 
the unloading curve of the film with an interlayer followed the loading before beginning to 
plateau at approximately 20% strain.  This could be due to cracks in the film being unable 
to bridge and the decrease being caused by the shrinking gauge length and/or 
microstructural changes in the film.  A large difference between the R/R0 values for the 
film systems was observed.  The Ag/PEN film and Ag/Ti/PEN film had final R/R0 values 
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of approximately 1.54 and 1.81, respectively.  The difference could indicate that there are 
fewer through-thickness cracks or less re-bridging of cracks. 
  
 
Fig. 2.6: SEM micrographs for Ag/PEN (a) and Ag/Ti/PEN (b and c) that have subjected 
to monotonic tensile straining.  For both images the tensile straining direction is in the 
vertical direction.  Cracking was observed in both film systems, but in the films with an 
interlayer, a significant amount of delamination accompanied an increased amount of 
cracks compared to the films without an interlayer. 
 
The cracking behaviors of Ag/PEN systems with and without an interlayer are 
shown in Fig. 2.6.  Cracking was observed in films with and without an interlayer, but in 
films with an interlayer, there were many cracks that were accompanied by buckles. The 
buckles were formed because the film goes into compression. In addition to buckles, the 
Ag/Ti/PEN samples exhibited more cracks than the samples without an interlayer.  These 
observations add to the suggestion that thin interlayers that are typically deposited to aid 
(a) (b) 
(c) 
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in adhesion of the primary film to the substrate can be detrimental to the electro-mechanical 
performance of the films, and in this case, also do not improve the adhesion. 
When examining the cracking in some of the samples, there were cracks that 
appeared to be caused by scratches in the substrate.  These cracks were distinct, straight 
lines that appeared to open along specific paths.  The cracks may have also had an effect 
on the electrical behavior of the films during straining as many of the cracks were long, 
and some of the cracks were observed to span more than 1 mm across the length.  
2.3.3. Ag/PET 
The plot of strain versus normalized resistance demonstrating electrical behavior of 
Ag/PET during monotonic tensile testing is shown in Fig. 2.7.  The films with and without 
an interlayer demonstrated nearly identical loading behavior that remained close to the 
theoretical prediction given by Eq. 2.4.  During the initial loading of the specimens, a fast 
growth of R/R0 was observed for the first 1-2% strain before the magnitude would return 
to the theoretical prediction at approximately 4% strain for both the Ag/PET and 
Ag/Ti/PET systems.  Although the replicates for both systems showed reasonable 
agreement with the theoretical prediction, there were some slight differences between these 
systems and those on other substrates.  The samples exhibited the same behavior in the first 
2.5-4% strain as shown previously in Section 2.4.1, but the normalized resistance appears 
to flatten briefly around 4% strain before increasing close to the theoretical prediction.  
This behavior may be due to the substrate having slightly different properties than the 
previous systems. 
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Fig. 2.7:  The change in normalized resistance during monotonic straining of Ag/PET (left) 
and Ag/Ti/PET (right).  The loading (black) and unloading (grey) curves are compared to 
the theoretical prediction given by Eq. 2.4 (dotted grey).  Both loading curves show some 
agreement with the theoretical prediction, though there is some deviation for the film with 
an interlayer (right) 
 
During unloading, R/R0 nearly follows the loading line unlike other substrates, 
which generally saw a drop in resistance below the loading curve or theoretical prediction.  
For the films with and without an interlayer, the plateau of normalized resistance while 
unloading began at approximately 20% and the magnitude of R/R0 after unloading was 
approximately 1.44.    
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Fig. 2.8: SEM micrographs of compression buckling in Ag/Ti/PET upon unloading in 
monotonic tensile straining.  The straining direction is in the vertical direction of the 
micrographs. 
 
After unloading, the Ag film with the Ti interlayer delaminated from the PET 
substrate as shown in Fig. 2.8. The buckles formed perpendicular to the straining direction 
because a compressive stress forms in the film as the load in removed and the substrate 
shortens. Because the buckle form spontaneously, they can be used to measure the adhesion 
energy of the failing interface. The buckle dimensions directly relate to the critical buckling 
stress and the delamination driving, or residual, stress of the film at the interface. The 
stresses and the interfacial fracture energies can be calculated using the well-known 
Hutchinson and Suo model [65]. The method is based on the Euler beam theoretical 
prediction. The required inputs are the buckle height, δ, and the half buckle width, b, the 
film thickness, h, as well as the elastic properties of the film (elastic modulus, E, and 
Poisson’s ratio, ν) (Fig. 2.8). With these values the critical buckling stress, σb, and the 
driving stress, σd, can be calculated by using [65]. 
𝜎𝑏 =
𝜋2 𝐸
12(1−𝜈2)
(
ℎ
𝑏
)
2
           (2.5) 
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𝜎𝑑 = 𝜎𝑏 [
3
4
(
𝛿
ℎ
)
2
+ 1] .         (2.6) 
The critical buckling stress is the stress necessary to cause film delamination and the 
driving stress propagates the buckles. The interfacial fracture energy, Γ(Ψ), for 
spontaneous buckles is given as 
Γ(Ψ) = [
(1−𝜈2)ℎ
2𝐸
] (𝜎𝑑 − 𝜎𝑏)(𝜎𝑑 + 3𝜎𝑏)      (2.7) 
and is used to calculate the adhesion energy of the interfaces. 
 
Fig. 2.9: Schematic diagram of a buckle cross section showing the measurements of buckle 
height, δ, buckle width, 2b, and film thickness, h. 
 
Buckle dimensions can be measured using an AFM or CLSM.  AFM is limited to buckle 
heights of approximately 2 µm and scan square areas with side lengths of about 80 µm, 
while CLSM can be used to measure much larger areas (cm2) and displacements (up to 1-
2 mm). Smaller buckles were imaged using the available AFM (Fig. 2.9 c). Only small 
buckles were measured because the majority of the buckles were too large for the AFM, 
thus requiring CLSM. From the AFM height images, the buckle dimensions were measured 
and used in Eq. 2.5-2.7 to calculate the mixed mode adhesion energy.  For the Ag/Ti/PET 
system, a Γ(Ψ) = 60 Jm-2.  The value is high compared to metal-ceramic interfaces, but in 
the right range for ductile metal-polymer systems [35,47,66]. Cross sectioning of the 
 27 
buckles was performed with focused ion beam (FIB) to determine the failing interface. Fig. 
2.9 illustrates that the Ti/PET interface failed. 
 
 
Fig. 2.10: Buckling in Ag/Ti/PET analysis was performed using FIB and AFM.  (a) FIB 
cross section of a Ag/Ti/PET buckle illustrating that the Ti/PET interface failed.  Image 
taken by Dr. A. Lassnig (b) AFM height image of a small buckle that formed in the 
Ag/Ti/PET film.  Two profiles are marked and shown in (c). Buckling profile provided by 
Dr. M. Cordill. 
 
 
2.4 Conclusions 
Ag films deposited onto polymeric substrates with and without Ti adhesion layers 
were subjected to monotonic tensile straining.  In 900 nm Ag films, the addition of a Ti 
interlayer has been observed to be potentially detrimental to electro-mechanical behavior.  
In Ag/Kapton films, the inclusion of an interlayer was observed to cause more cracking 
(a) 
(b) (c) 
2 
1 
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and larger magnitudes of R/R0 at maximum strain.  In Ag/PEN, the inclusion of an 
interlayer caused more cracking, but the electrical behavior is most likely affected more by 
the substrate than the inclusion of the interlayer.  Additionally, buckling was observed in 
the Ag/Ti/PEN suggesting that the interlayer may not be beneficial to the adhesion of the 
primary Ag film to the polymer substrate.  This poor adhesion was also apparent in Ag/PET 
systems in which the films with an interlayer exhibited compression buckling upon 
unloading.  In Ag/PET systems, the electrical behavior was not shown to be noticeably 
affected by the inclusion of an interlayer, but the buckling behavior could prove detrimental 
if it is also observed in other testing. 
It may be concluded that the Ti interlayer layer may be detrimental mechanical 
behavior in each system to some degree, but it is not the only limiting factor for either 
electrical or mechanical behavior in some systems.  The substrate material has been shown 
to play a key role in the electro-mechanical behavior of the film. 
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CHAPTER THREE 
UNIAXIAL CYCLIC TENSILE FATIGUE TESTING 
 
Flexible electronics should be designed to withstand stretching and bending strains 
that may be part of the lifetime of a device [13,67].   The expected strains will vary based 
on the projected applications.  It is anticipated that many of these devices will undergo 
either repeated in plane tensile loading or bending. To understand the impact of this fatigue 
in a holistic manner, researchers need to characterize any changes in mechanical 
performance, electrical performance and mechanical structure.  
The objective of this chapter is to examine how PVD Ag films respond to strains 
from cyclic tensile testing and investigate the influence of film thickness, an interlayer, and 
substrate during cyclic tensile strain.  This chapter will outline observations and 
contributions from literature, then the methodologies and results of this study will be 
discussed. 
3.1. Introduction to Uniaxial Cyclic Fatigue of Metallic Films on Polymeric 
Substrates 
In testing of thin films on polymers, traditional strain to fracture tensile testing is 
not always reliable as the polymer substrates prevent the localization of strain in the film 
making the failure mechanisms more complicated [40,68].  In order to test the reliability 
and lifetime of the thin films on polymer substrates that will repeatedly undergo small 
tensile strain, such as strain gauges or stretchable sensors [13], cyclic fatigue experiments 
can be used with low strains of 1-2% [40,41,68,69].  Often fatigue experiments are 
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performed using bending mode fatigue [29,30,43], but with the development and interest 
in more stretchable electronics uniaxial cyclic fatigue tests have been used as well 
[38,52,42,60,68,70].   
When performing cyclic tensile tests, researchers examined the resulting cracks to 
evaluate the mechanical performance of the films [38,40,41,68,70].  Researchers have 
shown that, in Cu and other ductile metals, extrusions form in the film from which cracks 
can initiate and propagate [40,41,68].  In Au, Glushko et al. had observed that surface 
roughening had occurred but no cracking had occurred due to the delocalization of the 
deformation [40].  In brittle films, such as printed Ag, long, straight, through-thickness 
cracks were observed to occur with no apparent plastic deformation [40]. 
The correlation of the different deformation mechanisms and the electrical 
resistance in ductile films have not been adequately investigated, thus leading to the 
reporting of crack onset strains that are not related to actual crack formation [53]. Under 
cyclic loading, ductile films can have room temperature grain growth, form extrusions 
followed by through-thickness cracks [40], or severely roughen the surface [40]. The type 
of deformation influences the electrical response and thus the lifetime. Brittle films 
subjected to cyclic tensile loading will form cracks and the crack length growth can be 
reflected in the electrical response. 
In these experiments, electrical measurements can be made in situ not only to 
observe the evolution of the resistance but to help determine when failure may occur.  
Failure criterion in cyclic testing does not have an official standard.  However, many 
researchers have used a mark of 25% increase in normalized resistance as a baseline for 
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electrical failure [40,42,68].  While this baseline can give a general indication of electrical 
failure, it cannot predict the type of mechanical damage or failure that might have occurred 
during testing.  This has led to the conclusion by researchers that in order to understand 
the entire picture of failure within flexible conductive films both electrical and mechanical 
behavior must be examined [40,42,68].  
3.2. Experimental Methods 
To understand the role of the substrate, film thickness, and adhesion interlayers on 
the electrical and mechanical behavior of Ag thin films cyclic tensile fatigue tests were 
performed to examine cracking behavior and the evolution of electrical performance over 
cycles. 
3.2.1. Cyclic Tensile Testing 
Cyclic tensile fatigue testing was performed using a MTS Tytron 250 with a four-
point probe set-up incorporated into the sample grips and was performed at the Erich 
Schmid Institute of Materials Science (Leoben, Austria).  These probes were used to 
monitor changes in resistance across the film in situ with a Keithley 2000 multimeter and 
the set-up has been outlined in a prior publication [40].   
The sample system and number of cycles used in cyclic tensile testing are indicated 
in Table 3.1. The dimensions and loading parameters for this testing were chosen to be 
similar to the prior publication by Glushko et al. [40]. Samples for testing were sectioned 
to dimensions 5 mm by 35 mm with a gage length of 15 mm.  Tests on 900 nm Ag and 1.8 
µm Ag films were performed with a frequency of 0.1 Hz and a maximum strain of 2% for 
5,000 and 10,000 cycles.  The frequency for the 200 nm Ag film tests were increased to 1 
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Hz as the set-up had been optimized to allow for faster tests after the previous films had 
been tested and the maximum strain decreased to 1% for 5,000 and 10,000 cycles.  The 
strain and cycle ranges were chosen to compare to the tests run in prior publications 
[40,68]. 
Table 3.1: The cyclic testing was performed on Ag films deposited with and without Ti 
interlayers on a range of substrates.   
Film 200 nm 
Ag 
200 nm 
Ag/  
10 nm Ti 
900 nm Ag 900 nm Ag/  
45 nm Ti 
1.8 µm Ag 
Cycles 5/10,000 5/10,000 5,000 10,000 5,000 10,000 5,000 10,000 
Substrate         
PI x x x x x x x x 
PEN x x x  x    
 
3.3. Results and Discussion 
The following sections outline the results for the cyclic tensile tests performed on 
PVD Ag films.  The influence of the substrate, interlayers, and film thickness will be 
discussed with regards to both the electrical and mechanical behavior of the films.  In each 
section, we will begin with discussion of cyclic tensile tests with 2% strain followed by 
films strained to 1%.  This order was chosen since most of the data reported on were 
produced with 2% strain tests. 
3.3.1. Ag/Kapton 
The typical profiles of the cycles vs. normalized resistance curves for film systems 
with Kapton as substrates are shown in Fig. 3.1.  As the sample was loaded, the stretching 
of the film causes an increase in normalized resistance, but the formation and propagation 
of cracks also contributes to this increase.  When the sample was then unloaded, the 
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normalized resistance decreased due to the decrease in gage length and cracks closing.  Fig. 
3.1a shows the profile of a 900 nm Ag film on Kapton when the system was cycled to 
10,000.  We theorize that the unloaded normalized resistance continues to increase either 
due to the through-thickness cracks not being able to fully close or crack length continuing 
to increase.  
Compared to the 900 nm Ag films deposited with a 45 nm Ti interlayer (Fig. 3.1c) 
and the thicker 1.8 µm film (Fig. 3.1 d), the 900 nm Ag films exhibits a smaller amplitude 
of normalized resistance (Fig. 3.1 a and b).  At 10,000 cycles, the amplitude for the 
Ag/Kapton sample is approximately 0.4, whereas the amplitudes for the 900 nm 
Ag/Ti/Kapton and 1.8 µm Ag/Kapton are approximately 1.8 and 2.3, respectively.  
These amplitudes represent the opening and closing of cracks, so the increasing amplitude 
may indicate that crack lengths and/or densities are increasing in the samples over the 
number of cycles. 
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Fig. 3.1: The impact on the normalized resistance of Ag films during cycling was 
monitored for systems with and without interlayers and two film thicknesses.  These graphs 
(a-d) reflect the performance of systems with Kapton substrates during 10,000 cycles.  
The normalized resistance spread for each cycle reflects the fluctuation between loading 
and unloading in tension.  The system compositions for the graphs were: (a and b) 900 nm 
Ag on Kapton where (b) is a zoomed in profile at 5,000 cycles, (c) 900 nm Ag on 
Kapton with Ti interlayer, (d) 1.8 µm Ag on Kapton.  The data points beyond 10,000 
cycles indicated that the polymers underwent relaxation following unloading. 
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The normalized resistance cycle profiles for the film systems (900 nm 
Ag/Kapton, Ag/Ti/Kapton, and 1.8 µm Ag/Kapton) become distinct as the number 
of cycles increases (Fig. 3.2a).  The normalized resistance curves for all of the film systems 
are similar during the initial cycling up to about 100-500 cycles.  As cycles approach 1,000 
cycles, the differences between the film systems begin to appear and by 2,500 cycles the 
differences become clear as the magnitude of the thicker Ag films (1.8 µm) and those with 
a Ti interlayer are larger than the 900 nm Ag without interlayers.  At this point, it is assumed 
cracking of the films has begun and the normalized resistance profiles exhibit a more 
pronounced difference between the max loading and unloading segments of the cycle.  This 
suggest the opening and closing of cracks. 
With an increase of film thickness to 1.8 µm or the inclusion of an Ti interlayer, the 
amplitude of normalized resistance increases with cycles more than the 900 nm Ag film 
without an interlayer. At 5,000-6,000 cycles, the shape of the normalized resistance at the 
maximum strains was noticeably different.  Around the maximum strain of each cycle, 
small bumps become apparent in each sample type.  In the films without an interlayer, three 
bumps become apparent, but in the thicker film the two outer bumps become prominent.  
In the film with an interlayer, a single bump at the maximum load becomes distinct after 
5,000 cycles.  While both show an increase in amplitude, the shape at maximum strain for 
the thicker film is a more pronounced version of the thinner film without an interlayer, and 
the film with an interlayer appears to exhibit a completely different shape.  The cause of 
the bumps at near the maximum strain is not fully understood, but this could be related to 
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cracking events or deformation of the polymer substrate.  The film thickness and interlayer 
also appear to have varied effects on the electrical behavior of the films.   
 
Fig. 3.2:  The fluctuation of the normalized resistance at regions of the cyclic loading were 
examined as a function of film thickness and the inclusion of interlayers.  The systems 
included are 900 nm Ag/Kapton, 900 nm Ag/Ti/Kapton, and 1.8 µm Ag/Kapton.  (a) 
Shows that all systems had similar normalized resistance with small normalized 
fluctuations.  (b and c) show that the systems with the interlayers and higher thicknesses 
have greater normalized resistance magnitude changes. 
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The crack density and morphology was monitored using both optical and electron 
microscopy.  The surface of the 900 nm Ag/Kapton system after straining for 10,000 
cycles exhibited small, jagged cracks (Fig. 3.3 a and b).  The jagged cracks in the film were 
densely packed with a linear crack density for the Ag/Kapton sample after 10,000 cycles 
measured to be 3.75 x 10-2 cracks/µm.  While the cracks were densely packed, they did not 
appear to connect to make very long cracks.  In addition, extrusions were observed in the 
900 nm Ag/Kapton that likely aided in the initiation and propagation of cracks across the 
Ag film.  From these SEM images, it was not possible to identify if these cracks were 
through-thickness cracks.  To determine if cracks in the Ag films were through-thickness 
cracks required either FIB cross sections or that cracks could be observed on both the top 
and at the interface between the film and substrate (i.e. transparent substrates).  It has been 
shown that crack density is not the only contributing factor to changes in resistance [39]. 
If the crack lengths are not significant enough, then the change in resistance may not be 
very large.  Additionally, the depth of cracks through the film could impact the resistance 
change.  Through-thickness cracks would be expected to increase the resistance more than 
cracks which only propagated partially through the thickness.   
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Fig. 3.3: SEM micrographs of 900 nm Ag/Kapton after cyclic tensile testing to 10,000 
cycles.  (a) A micrograph demonstrating the general cracking behavior of short jagged 
cracks; (b) A higher magnification micrograph that shows some extrusions between cracks 
and some as part of cracks. 
 
 
For comparison to the 900 nm Ag, the cracking behavior of 900 nm Ag/Ti/Kapton 
and 1.8 µm Ag/Kapton after 10,000 cycles of tensile straining was characterized (Fig. 
3.4 a and b).  In both systems, long straight cracks were observed in the Ag films suggesting 
a brittle response. There is also a larger spacing between cracks in Ag 1.8 µm films than 
those in the 900 nm Ag.  The cracks in the 900 Ag with interlayers and the 1.8 µm Ag 
extended for hundreds of micrometers and no extrusions were observed to have formed. 
When crack densities were measured, it was seen that the film with the interlayer had a 
much higher average linear crack density of 4.81 x 10-2 cracks/µm compared to 2.78 x 10-
2 cracks/µm in the 1.8 µm Ag/Kapton and the 3.75 x 10-2 cracks/µm for 900 nm 
Ag/Kapton.  
Pairing these observations with the electrical behavior measurements from these 
films (Fig. 3.1, 3.2), it can be suggested that the crack length likely has a significant 
influence on the electrical performance.  
(a) (b) 
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Fig. 3.4: SEM micrographs of 900 nm Ag/Ti/Kapton (a) 1.8 µm Ag/Kapton (b) after 
cyclic tensile testing to 10,000 cycles demonstrating the general cracking behavior of the 
films.  Both films developed long cracks with some connecting. 
 
 
The electrical behavior of the Ag/Kapton systems with and without an interlayer 
were compared by extracting the minima and maxima curves of the cyclic normalized 
resistance (Fig. 3.5).  When compared this way, it can be seen that the minima of 
Ag/Ti/Kapton do not vary significantly, but the maxima vary between the replicates.  The 
minima of each of these replicates and the Ag/Kapton all have a similar shape and 
magnitude of normalized resistance.  However, the normalized resistance maxima for each 
cycle varied in magnitude between replicates of the same sample type. These difference 
could be related to changes in crack density, length or opening of cracks between replicates.  
To identify the cause, it is suggested that in situ tests be conducted.  The behavior upon 
unloading shows that the closing of cracks is similar between the different samples. 
(a) (b) 
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Fig. 3.5:  Maxima (solid) and minima (dotted) curves extracted from Ag/Kapton and 
Ag/Ti/Kapton cyclic tensile tests showed variation in normalized resistance as a function 
of cycles. 
 
 
200 nm Ag films with and without an interlayer were subjected to cyclic tensile 
straining with a maximum strain of 1%.  The change in normalized resistance over cycles 
for 200 nm Ag/Kapton and 200 nm Ag/Ti/Kapton (Fig. 3.6) show that neither system 
showed a large change in normalized resistance upon loading relative to the 900 nm Ag 
/Kapton.  The maximum normalized resistance was observed to stay below 1.15 for 200 
nm Ag film systems with and without interlayer.  Upon final unloading, most of the 200 
nm Ag films exhibited a drop in normalized resistance close to 1.  Since a normalized 
resistance of 1 represented no change in resistance from the as-deposited state, this result 
indicated that an 1% strain did not significantly affect the electrical performance, and 
therefore, the research team assumed little plastic deformation or cracking occurred within 
the 200 nm Ag films. This was confirmed with SEM imaging of the surface that showed 
no cracking. The lack of apparent mechanical damage and effect on electrical performance 
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is not too surprising, because previous literature studies had shown that for cyclic tensile 
tests of 1% strain showed a low relative change in normalized resistance in Ag, Au, and 
Cu after 10,000 cycles [40,41].  In some cases, the normalized resistance was measured to 
be below 1, unexpectedly.  This has been seen by other groups who have suggested this 
was caused by either an evolution of grain size or residual stress [60,61].  
 
Fig. 3.6: Plots of cycles vs. normalized resistance for cyclic tensile testing with a maximum 
strain of 1% of 200 nm Ag/Kapton (left) and 200 nm Ag/Ti/Kapton (right). 
 
 
3.3.2. Ag/PEN 
The change in electrical behavior during cyclic tensile testing between Ag/PEN and 
Ag/Ti/PEN is shown by Fig. 3.7.  The profiles of the normalized resistance over cycles for 
the film systems are similar, but the films with an interlayers had a much higher amplitude 
at 5,000 cycles.  The normalized resistance amplitude at 5,000 cycles of the Ag/PEN was 
approximately 2.0 while the normalized resistance of the Ag/Ti/PEN was approximately 
4.5.  The minima of the normalized resistance for both systems (Ag/PEN and Ag/Ti/PEN) 
appeared to be similar.  This result could indicate that both systems recover to the same 
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magnitude of normalized resistance.  Similar to the Ag/Kapton, the Ti layer in Ag/PEN 
systems appears to have more of an effect on the amplitude of the normalized resistance of 
than the unloaded normalized resistance (minima). 
 
Fig. 3.7: The influence of an interlayer on the normalized resistance during cyclic tensile 
tests up to 10,000 cycles in the film system on PEN can be seen by comparing (a) and (b).  
The compositions for the graphs are: (a) 900 nm Ag/PEN and (b) 900 nm Ag/ 45 nm 
Ti/PEN.  The comparison between (a) and (b) suggests that the addition of an interlayer 
caused an increase in the amplitude of the normalized resistance.  The minima of the 
normalized resistance do not appear to have been affected. 
 
 
The cracking of these films after cyclic tensile straining was examined by SEM and 
OM (Fig. 3.8).  The Ag/PEN sample exhibited a mixture of long straight cracks and short 
jagged cracks (<100 µm) with extrusions.  The surface appeared to be primarily covered 
in regions of short cracks and extrusions.  However, it was not apparent why these regions 
would have different types of cracking.  From the optical inspection, the morphology prior 
to testing seemed uniform across the entire sample surface.  Extrusions can be seen 
primarily in areas of the shorter cracks on the Ag/PEN.  In contrast, the Ag/Ti/PEN samples 
 43 
exhibited very few areas of short cracks and extrusions and was primarily covered by long 
brittle cracks that were expected to be seen due to the inclusion of the Ti interlayer.  The 
areas that appear to be extrusions in the Ag/Ti/PEN may also just be areas of surface 
defects.  In addition, the crack densities in Ag/PEN are larger than Ag/Ti/PEN.  For 
Ag/PEN replicates, the linear crack density was measured to be 4.01 x 10-2 cracks/µm and 
the Ag/Ti/PEN replicates had a linear crack density of 2.81 x 10-2 cracks/µm.  Although, it 
should be noted that similarly to Ag/Kapton replicates, the Ag/PEN replicates may have 
many surface cracks that do not contribute much to the changes in normalized resistance.  
 
 
Fig. 3.8: (a and b) Micrographs of Ag/PEN after cyclic tensile testing to 5,000 cycles.  The 
image on the left is an overview of the general cracking behavior, and the image on the 
right shows some of the extrusions seen throughout the sample surface.  The straining 
direction is in the vertical.  (c) An optical micrograph of the cracking in Ag/Ti/PEN after 
5,000 cycles.  The straining direction is in the horizontal.  The surface shows primarily 
long brittle cracks with few extrusions. 
(a) (b) 
(c) 
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It is interesting that films with and without an interlayer may exhibit the same types 
of cracking unlike the films on Kapton where the films with an interlayer did not exhibit 
any extrusions, and, in general, films with a brittle interlayer would only be expected to 
form cracks and not extrusions.  Though, a tendency primarily to form brittle cracks could 
still explain the large differences in the amplitudes observed in the normalized resistance 
plots. 
To mirror the analysis for the films on Kapton and PEN, the curves of the maxima 
and minima of the cyclic normalized resistance for Ag/PEN film systems were extracted 
for comparison (Fig. 3.9).  The minima appear to be unaffected by the inclusion of a Ti 
interlayer.  The maxima of the Ag/Ti/PEN film are much larger than those of the films 
without the interlayer. It is important to note that there are changes to the profiles before 
and after 1,500 cycles.  After 1,500 cycles, the Ag/PEN exhibited higher normalized 
resistance and amplitudes, while the Ag/Ti/PEN appeared to slightly decrease in 
normalized resistance in the first 400 cycles before increasing and becoming larger than 
the Ag/PEN tests after about 1,000-1,400 cycles.   
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Fig. 3.9: The maxima and minima curves of extracted from the cyclic normalized 
resistance plots of Ag/PEN and Ag/Ti/PEN film tests.  The solid lines represent the maxima 
and the dashed lines represent the minima extracted from the cyclic resistance plots. 
 
 200 nm Ag films with and without a Ti interlayer were also subjected to cyclic 
tensile tests with a maximum strain of 1% for up to 10,000 cycles.  The plots of normalized 
resistance over cycles is shown for 200 nm Ag/PEN and Ag/Ti/PEN in Fig. 3.10.  It was 
observed that the increases in normalized resistance remained below 1.15 after 10,000 
cycles in either system.  Ag/Ti/PEN did show slightly higher normalized resistance, but 
upon unloading all of the films with and without a Ti layer had normalized resistances in 
the range of 1.01-1.05 showing that the difference might just be due to slight differences 
between replicates.  For 1% strain the interlayer doesn’t appear to have as much of an 
impact as the tests with 2% strain.  Similar to 200 nm Ag/Kapton films, when examined 
with SEM there was no apparent cracking in either film system showing that the 1% strain 
is not enough to cause significant deformation. 
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Fig. 3.10:  Plots of normalized resistance over cycles are shown for 200 nm Ag/PEN (left) 
and 200 nm Ag/Ti/PEN (right).  These plots show that there is not a clearly discernable 
influence of the interlayer for cyclic tests at 1% maximum strain. 
 
 
3.4. Conclusions 
The performance of Ag films was evaluated as a function of substrate, interlayer 
inclusion, and film thickness over a range of cycles varying between 5,000 to 10,000 
cycles.  In 900 nm PVD Ag films, the addition of a Ti layer was shown to be potentially 
detrimental due to large increases in normalized resistance when strained.  In addition, an 
increase in film thickness to 1.8 µm also demonstrated large increases in normalized 
resistance upon straining.  In films on Kapton, the amplitude of cyclic normalized 
resistance was approximately 0.4 (900 nm Ag/Kapton), 1.8 (900 nm Ag/Ti/Kapton), and 
2.4 (1.8 µm Ag/Kapton).  These differences can be correlated to the cracking behavior in 
the films.  The 900 nm Ag/Kapton film exhibited short jagged cracks with many 
extrusions that initiate cracks scattered throughout the film, whereas, the thicker film and 
Ag/Ti film exhibited long brittle cracks with no extrusions in the film.  The linear crack 
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densities measured for the replicates were not consistent with what was anticipated.  The 
densities were expected to increase with increasing resistance, but the film with the largest 
amplitude, 1.8 µm Ag/Kapton, was measured to have the lowest average linear crack 
density and the highest average linear crack density was the film with the interlayer.  This 
observation shows that the length of the cracks likely has a large impact on the amplitude 
of the normalized resistance curves. 
Similarly, Ag/Ti/PEN were observed to have a much higher amplitude of the 
normalized resistance of 4.5 compared to 2.0 at 5,000 cycles for Ag/PEN, but the minimum 
value of resistance over 5,000 cycles remained similar for both film systems.  The Ag/PEN 
film systems also demonstrated the expected cracking behavior to an extent, but it was 
observed that the Ag/PEN film formed both short cracks from extrusions and long cracks 
that would be expected in samples with an interlayer.  The trend of crack density was also 
odd, because despite the Ag/Ti/PEN exhibiting higher amplitude the average linear crack 
density of the Ag/Ti/PEN was lower than that of Ag/PEN after 5,000 cycles.  This shows 
again the impact of the average crack length. 
In addition, 200 nm Ag films were subjected to cyclic tensile testing to 1% 
maximum strain for up to 10,000 cycles to examine the behavior.  The results showed that 
after 10,000 cycles there was little to no effect of cycling on the electrical performance as 
the films remained under a normalized resistance 1.15 during testing and unloaded back 
within a range of 0.97 to 1.02.  Upon inspection of the surface, it was seen that no noticeable 
mechanical damage had occurred on any film types for 200 nm thick Ag films.  It can be 
concluded from these results that, at 1% strain cyclic testing, no apparent effects of 
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substrate or interlayer inclusion can be seen.  In order to make a proper comparison to our 
thicker films, further testing at 2% strain will be required and would likely be allow for 
more definitive conclusions on the influence of substrate and interlayers for 200 nm film.  
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CHAPTER FOUR 
BENDING FATIGUE TESTING OF METALLIC THIN FILMS 
 
Researchers examining cost-effective ways of flexible device manufacturing have 
identified roll-to-roll manufacturing as a potential method to allow for high-throughput and 
lower costs [1,12,43,71,72].  This method of manufacturing would subject devices to 
bending strains before ever reaching the consumers where additional bending strains would 
be experienced by the device, so it is imperative that these strains and damage due to them 
are understood [13,32,43]. This chapter is dedicated to understanding the damage induced 
during repeated bending of Ag/polymer systems.  To do this, we developed a method for a 
bending fatigue test similar to the one by Lee et al. and Kim et al. [29,32] by modifying a 
linear reciprocating wear bench.  This system was used to simulate bending of PVD 
sputtered Ag films and determine the impact of substrate type, interlayer deposition and 
film thickness on damage during cycling up to 10,000 cycles to mimic application.  The 
results of the lab built system were compared to the those collected using the FLEX-E-Test 
developed by Glushko et al. [30].  
In this chapter, an overview of bending strain, how bending fatigue tests are 
performed and the methodology applied by in research studies to date will be presented.  
We will then overview the two bending systems used for this study (a commercial and lab 
made system) prior to describing our experimental protocol along the bending fatigue tests 
used on films deposited by the method described in Chapter 2 and the subsequent results. 
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4.1. Background 
Cyclic bending fatigue of flexible electronic systems is a well-studied topic with 
research groups looking at the bending radius [43,73], cycles [29,30,32] as well as 
composition of the systems [32].  The methods to studying bending vary between groups 
[13,29,30,32,38,43]. When conducting bending fatigue tests bending strains are generally 
less than 2% [10,29,30,32,74].  The magnitude and type (compression, tension) of the 
strains are a function of the applied bending radius and substrate thickness when film 
thickness is much smaller than substrate thickness.  
When the substrate is bent, the adhered film can undergo tensile stress, compressive 
strain or remain in a neutral applied strain depending on the film position and bending 
direction (Fig. 4.1).  The film will be put in tension when the film is on the outer radius of 
the bent substrate and in compression when the film is on the inner radius [30,45].  Some 
researchers have laminated a metallic layer so that the film stays in a neutral position when 
a substrate is bent [43,45].  The type of strain is important since this can impact the amount 
of damage observed in the film [30,43]. 
 
Fig. 4.1: Schematics of bending of film substrate systems.  A film can be put in tension or 
compression.  In some instances, a film can be in the neutral orientation if it were laminated 
or encapsulated. 
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The magnitude of bending strains in a film can be estimated by considering the 
film/substrate as a beam [29,43].  For a substrate much thicker than the film (ts >> tf), the 
bending strain, ϵ, is: 
ϵ =
ts
2rb
  (4.1) 
where ts is the substrate thickness and rb is the bending radius [29,75]. 
When metallic films on polymer substrates are subjected to bending strains, it has 
been shown that ductile and brittle films will crack after thousands of cycles with bending 
strains of around 1% [29,30,43,75].  Researchers have used differing ways to quantify the 
cracking including crack length relative to the width of the sample, linear crack density, 
and areal crack density. Cracks are typically characterized by the number of cracks using 
a measure of crack density or the length of cracks [30,39,43,75].  Determining crack length 
relative to the film width can often be difficult for researchers to standardize.  Researchers 
may need to adjust magnification to be able to identify the start and end of cracks.  Linear 
crack density is also a reported measure of damage in a film.  This linear crack density is 
measured by making a line of known length in the straining direction on an optical or SEM 
image and counting the intersecting cracks.  It should be noted though that measuring crack 
density can still be difficult and cannot be a measure of through-thickness cracks for films 
not on transparent substrates.   
Some researchers have tried relating the cracks to changes in electrical resistance 
when possible [30,39,43]. . Glushko et al. showed that for Ag films neither crack density 
nor crack length can describe the changes in resistance alone, but rather the normalized 
resistance can be shown as a function of both.  These ideas of crack density and through-
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thickness cracking in bending fatigue tests will be discussed later in this chapter when 
reviewing the results from different bending tests of Ag films. 
4.2. Design of Bending Fatigue Tests Used in This Study 
Bending fatigue tests were performed using two bending fatigue systems to 
examine the cracking behavior of Ag films due to cyclic bending strains.  The two different 
bending fatigue methods were used to test Ag film systems were the FLEX-E-Test and a 
lab developed system.  Similar parameters were chosen for both methods in order to make 
a comparison between results from both methods. 
The FLEX-E-Test was developed by Glushko et al. [30] and it uses grips to hold 
samples with the films oriented in either tension or compression attached to a rotating 
wheel (Fig. 4.2).  The grips are designed with specific bending radii so that when a sample 
hits the counterface at the bottom of the device the film is bent to that radius across the 
grip.  
The number of cycles, spinning direction of the wheel, and cycle frequency can all 
be adjusted in the FLEX-E-Test.  The method can be set to have a single direction of 
bending over a number of cycles or a mixture of directions such that the films are subjected 
to both tensile and compressive strains over many cycles [30,73].  This altered method has 
been shown to provide noticeably different results from single direction bending in printed 
Ag, evaporated Ag, and evaporated Cu films [30].   To monitor changes to normalized 
resistance, measurements of each film system was made with a four-point probe before and 
after bend testing.  Bend tests were performed to 1,000, 5,000, or 10,000 cycles at 1 Hz to 
examine the evolution of cracking over cycles and the effect of a range of bending strains. 
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Fig. 4.2:  FLEX-E-Test set-up designed by Glushko et al. [30].  (a) The entire device 
showing the grips, sample placement, and bending surface. Schematics of a film in the 
grips of the FLEX-E-Test with the film oriented in compression and tension are shown in 
(b) and (c), respectively.  Reproduced from [30]. 
 
For comparison, the second method was developed at Clemson University 
(Clemson) based on the design seen in Lee et al. [32].  The design was slightly modified to 
work on a repurposed reciprocating wear bench and can be seen in Fig. 4.3.  In the 
experimental set-up, specimens are secured with tape to an aluminum block that is able to 
reciprocate with adjustable frequency and period length.  The specimens are then bent to 
the desired bending radius and are then secured with magnets to steel bars parallel to the 
aluminum block.  As the block moves, a region of the specimen’s surface is subjected to 
loading and unloading to maximum strains determined by the substrate thickness and 
bending radius.  The method does not have in situ resistance measurement, so any 
resistance measurement is done before and after testing using a two-point probe. 
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Fig. 4.3:  Schematic of the bending fatigue test developed at Clemson from a repurposed 
linear reciprocating wear bench. 
 
4.2.1. Sample Types and Dimensions for FLEX-E-Test 
Both 200 nm and 900 nm Ag specimens were sectioned with a razor blade to 
dimensions 5 mm by 40 mm for consistency with previous studies using this method [30] 
(Table 4.1). Specimens were mounted into the bend system so that the Ag film would be 
in tension with bending radii of 5 mm, 10 mm, or 20 mm.  
4.2.2. Sample Types and Dimensions for the Clemson Bending Test ‘BB8’ 
To compare with the results from the FLEX-E-Test, a subset of films and tests were 
also run on the Clemson ‘BB8’ system (Table 4.1).  For this method, specimens were 
sectioned to dimensions 5 mm by 70 mm and were mounted with the film in tension and a 
bending radius of 5 mm.  900 nm Ag films tests were performed to 10,000 cycles to 
compare the crack densities between the bending methods, and for 200 nm Ag films, the 
tests were performed to 1,000, 5,000, and 10,000 cycles at 1 Hz in order to have parity with 
the tests of the same bending radius from the FLEX-E-Test.  
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Table 4.1.: Film system parameters for FLEX-E-Test and Clemson bending tests. 
  
Test and 
Cycles 
FLEX-E-Test 
Clemson 
Bending 
Substrate Film Thickness Film Type 1k 5k 10k 1k 5k 10k 
Kapton 
900 nm 
Ag x x x   x 
Ag/Ti x x x   x 
200 nm 
Ag x x x x x x 
Ag/Ti x x x x x x 
PEN 
900 nm 
Ag x x x   x 
Ag/Ti x x x   x 
200 nm 
Ag x x x x x x 
Ag/Ti x x x x x x 
 
4.3. Results and Discussion 
4.3.1. FLEX-E-Test 
The surfaces of the Ag film systems that underwent bending fatigue testing showed 
cracking (both the 900 nm and 200 nm Ag films).   In the following sections, we will report 
these results first for the 900 nm Ag films and then later for the 200 nm film.   
Cracking became apparent after 1,000 cycles in all 900 nm Ag films and appeared 
to propagate with increasing cycles.  For all the 900 nm Ag films, we observed long cracks 
running perpendicular to the strain direction suggesting a brittle response.  Fig. 4.4 shows 
the typical cracking behavior seen in these Ag/Kapton.  Unlike the small cracks caused by 
the cyclic tensile tests of the Ag/Kapton films (Fig. 3.3), it was observed that the 900 nm 
Ag/Kapton had both primarily long channeled cracks with smaller cracks and extrusions 
in some localized regions.  Similar to cracking in tensile tests, it was observed that many 
cracks appeared to initiate at defects in the film including hillocks.   
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Fig. 4.4: Micrograph of cracks that formed in 900 nm Ag/Kapton film after 1,000 cycles 
of FLEX-E-Test bending.  Cracking in the film is seen to be predominantly long, channeled 
cracks. 
 
Despite the presence of cracks in the film, the change in resistance across the tested 
area was found to be minimal in most cases.  The maximum change in normalized 
resistance observed was approximately a 6% increase, but in most samples there were 
changes of 0-2%.  There are several reasons that a significant change was not made. First, 
this result could suggest that many of the cracks observed were not through-thickness 
cracks.  In the case of Ag/Kapton samples, it was not possible to determine if the cracks 
were through-thickness by comparing the crack density by of the Ag from the top and 
bottom (through the substrate) since Kapton is translucent.  Another reason may be that 
the small area that has been strained using the FLEX-E-Test did not induce enough 
cracking to create a large enough change in electrical resistance to be detected by a 
multimeter.  In previous studies using the FLEX-E-Test, changes in resistance were not 
reported.  Finally, the strains on the films might not have been large enough to cause 
meaningful changes in normalized resistance.  It has been shown for Au and Ag, that with 
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a maximum strain of 1% the appreciable changes in do not occur within 10,000 cycles in 
cyclic tensile tests [40,41]. 
The cracking in 900 nm Ag/Kapton was observed to be a mixture of long 
channeled cracks and smaller cracks that appeared to be accompanied by extrusions Fig. 
4.5(a).  In comparison, it was observed that in Ag/Ti/Kapton (Fig. 4.5b) that cracking in 
the film is entirely long channeled cracks, similar to what was seen in cyclic tensile tests.  
The amount of cracking apparent in the two types of films appear similar.  This observation 
is supported by the linear crack density measurements after 10,000 cycles which were 2.99 
± 0.89 x 10-2 cracks/µm and 2.81 ± 0.75 x 10-2 cracks/µm for Ag/Kapton and 
Ag/Ti/Kapton, respectively.  
  
Fig. 4.5:  Optical micrographs of FLEX-E-Test samples after 10,000 cycles. (a) 900 nm 
Ag/Kapton; (b) 900 nm Ag/Ti/Kapton. 
 
  
The similarity in linear crack densities between films with and without the Ti 
interlayer is not expected since it has been seen in other tests that the inclusion of a Ti 
interlayer had been detrimental to the cracking behavior.  In 900 nm Ag films on Kapton 
in cyclic tensile tests (Section 3.3.1), it was seen that the films with an interlayer had 
(a) (b) 
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developed more cracks in the film and both types of films had higher crack densities than 
what had been measured for FLEX-E-Test films.  This difference can likely be attributed 
to the difference in the maximum strains experienced in the tests since the cyclic tests had 
a maximum strain of 2% while bending fatigue was only 1.2%. 
The cracking behavior of 900 nm Ag/PEN and Ag/Ti/PEN is shown in Fig. 4.6.  
The types of cracking observed in 900 nm Ag films on PEN were comparable to films on 
Kapton.  In Ag/PEN, there was a mix of long channeled cracks and microcracks with 
extrusions.  In contrast with Ag/Kapton, Ag/PEN appeared to have a closer ratio of 
channeled cracks and microcracks.  The Ag/Ti/PEN also behaved similar to the analogous 
films on Kapton; however, Ag/Ti/PEN appeared to have significantly less cracking in 
comparison to the Ag/PEN or either type of film on Kapton.  In terms of linear crack 
density, both 900 nm Ag/PEN and Ag/Ti/PEN had lower crack densities than 900 nm Ag 
films on Kapton with 2.51 x 10-2 and 2.01 x 10-2 cracks/µm, respectively.  This difference 
in crack density is interesting since it appears that 900 nm Ag/Ti/PEN have much fewer 
cracks than films without an interlayer.  This trend is similar to what was seen in the cyclic 
tensile tests (Section 3.3.2), but the tensile tests resulted in larger crack densities overall, 
but this may be attributed to differences in maximum strain. 
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Fig. 4.6: Optical micrographs of FLEX-E-Test samples after 10,000 cycles. Left: 900 nm 
Ag/PEN; Right: 900 nm Ag/Ti/Kapton. 
 
 
Fortunately, PEN substrates are transparent and can allow for observation of 
through-thickness cracks via OM through the substrate.  Fig. 4.7 shows that through-
thickness cracking does occur in the 900 nm Ag/Ti/PEN film and the same was observed 
for 900 nm Ag/PEN after 10,000 cycles.  The measured crack densities through the 
substrate were markedly lower than the average crack density measured from the surface 
with the crack densities.  For the 900 nm Ag/PEN film examined through the substrate, the 
crack densities for the examined film were 2.62 x 10-2 and 1.09 x 10-2 cracks/µm from the 
surface and through the substrate, respectively. In the 900 nm Ag/Ti/PEN film examined, 
the crack densities were 1.62 x 10-2 and 8.81 x 10-3 cracks/µm for the surface and through 
the substrate, respectively. 
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Fig. 4.7: Optical micrograph of through-thickness cracking in 900 nm Ag/Ti/PEN seen 
through the substrate after 10,000 cycles with the FLEX-E-Test. 
 
 
In 200 nm Ag films, after 1,000 cycles cracking was only observed in 200 nm 
Ag/Ti/Kapton films.  After 5,000 cycles, visual inspection indicated that cracks began to 
appear in the surface of Ag/Kapton and Ag/Ti/PEN, and after 10,000 cycles very faint 
surface cracks could be seen in Ag/PEN.  In both Ag/Kapton and Ag/PEN, the cracks 
were very difficult to identify, so there may not have been cracking but rather just necking 
in the film.  The minimal damage to the film makes sense as the strains endured by the film 
would only be 1.0-1.2% strain.  The average linear crack density for 200 nm 
Ag/Ti/Kapton and Ag/Ti/PEN were measured to be 1.43 x 10-1 and 7.83 x 10-2 
cracks/µm, respectively.  This result shows a large difference between films on the two 
substrates.  While some of the difference may be attributed to the slight difference in 
maximum bending strain, the differing properties of the substrate likely factor into the 
difference as well. 
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By comparing with the 900 nm Ag films, the thickness appears to have an effect on 
the amount of surface cracking that is observed in the film.  Although the 200 nm Ag films 
without an interlayer did not appear to show cracking, the films with an interlayer tended 
to show much more surface cracking than the 900 nm Ag film.  There is also a large 
difference in crack density between the film thicknesses of a factor of approximately 5.1 
increase for 900 nm Ag/Ti/Kapton and 3.9 for 200 nm Ag/Ti/PEN.  This would appear 
to show that the behavior of thinner films is influenced more by the interlayer than the 
thicker films.  Other groups have shown that the influence of a brittle interlayer material, 
such as Cr or Ti, can be detrimental and have tried to determine an optimal ratio of ductile 
film thickness to interlayer thickness [37,50].  In Putz et al. [50], it had been generalized 
that a ductile to brittle thickness ratio of 20:1 would be optimal in a Ag/Inconel system on 
FEP Teflon (PTFE), but that may not ideally translate to the film systems in this study.  
4.3.2. Clemson Bending Fatigue Test 
Bending fatigue tests using the Clemson bending set-up were performed on 900 nm 
film systems on Kapton and PEN and on 200 nm film systems on the same substrates to 
compare the results of bending methods. 
900 nm Ag films with and without a Ti interlayer on Kapton and PEN were 
subjected to 10,000 bending cycles at a 5 mm bending radius using the Clemson bending 
test.  It was observed that similar types of cracks occurred in the surface of 900 nm 
Ag/Kapton and 900 nm Ag/PEN as the same films when using the FLEX-E-Test.  The 
cracking was predominantly long channeled cracks that were accompanied by smaller 
regions of small microcracks and extrusions.  The same comparison was able to be made 
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between 900 nm Ag films with an interlayer.  In these films, it was observed that the 
cracking was exclusively long channeled cracks after cycling just like the FLEX-E-Test 
results.  While the crack morphology and initiation were similar for systems tested with 
the Clemson and FLEX-E-Test, the surface crack densities measured were different.  As 
seen in Table 4.2, the average linear crack densities for 900 nm Ag films on Kapton were 
larger than those for FLEX-E-Test by 29.8% and 18.1% for 900 nm Ag/Kapton and 
Ag/Ti/Kapton, respectively.  In contrast, the Ag/PEN and Ag/Ti/PEN saw a decrease in 
linear crack density of approximately 8.76% and 2.49%, respectively.  While there are 
noticeable differences in the averages it is important to note that there is some overlap of 
the standard deviations meaning certain types may or may not be statistically different if 
the number of measurements were to increase.  
Table 4.2: Average linear crack densities measured from the surface of samples from 
bending experiments after 10,000 cycles on both the FLEX-E-Test and Clemson bending 
test. 
Substrate 
Film Thickness 
(nm) 
Film Type 
Avg. Linear Surface Crack 
Density (cracks/µm) x 10-2 
   FLEX-E Clemson 
Kapton 
900 
Ag 2.99 ± 0.89 3.88 ± 0.38 
Ag/45 nm Ti 2.81 ± 0.75 3.32 ± 0.30 
200 
Ag - - 
Ag/10 nm Ti 14.3 ± 3.56 5.50 ± 0.62 
PEN 
900 
Ag 2.51 ± 0.37 2.29 ± 0.42 
Ag/ 45 nm Ti 2.01 ± 0.74 1.96 ± 0.26 
200 
Ag - - 
Ag/ 10 nm Ti 7.83 ± 2.86 3.56 ± 0.80 
 
When comparing the 200 nm Ag films on both Kapton and PEN, there was not 
any noticeable cracking on either type of film after 10,000 cycles.  This is similar to what 
was observed in the FLEX-E-Test samples.  However, when the surfaces of 200 nm Ag/Ti 
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films were examined, there was a significant amount of cracking.  Just as in the FLEX-E-
Test, the 200 nm Ag/Ti films showed much more cracking than the 900 nm Ag films with 
increases of 68.7% and 81.6% for Ag/Ti/Kapton and Ag/Ti/PEN, respectively.  Unlike 
the 900 nm Ag films, the 200 nm Ag films do not have any overlap of the standard 
deviations either between tests or between film thicknesses. 
The variability between results collected with the two systems are likely due to 
differences between the testing systems.  In the FLEX-E-Test, only one end of a sample is 
secured which allows the set-up to accommodate many samples and bending radii at the 
same time.  The Clemson bending test is set-up so that both ends of a sample are secured 
and this limits the method to keeping one bending radius for all loaded samples, but the 
number of samples that can be tested is only limited by the space available between the 
steel bars and aluminum block in the set-up.  By only having one end secured, it has been 
observed that the free end of the sample does shake after contact with the bending surface.  
This shaking may create slight changes in strains leading to more cracking in some cases, 
though this would require a more detailed analysis to quantify.  For this reason, the 
Clemson bending test likely provides more reliable results.  
4.4. Summary and Conclusions 
900 nm and 200 nm film systems on Kapton and PEN were subjected to bending 
strains for up to 10,000 cycles.  It was observed that cracking occurred in 900 nm Ag films 
from the Ag/ Kapton, Ag/Ti/ Kapton, Ag/PEN, and Ag/Ti/PEN systems.  The Ag films 
on the PEN exhibited a higher cracking density than those on Kapton. The differences in 
crack densities might be attributed to the difference in strains (1.2% for Kapton and 1.0% 
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for PEN which occurred since the variation in substrate thickness was not taken into 
account during testing).  In 200 nm Ag films, cracking only appeared in films with a Ti 
interlayer.  It could be concluded that film thickness did have an impact on the cracking 
behavior of Ag films on Kapton and PEN.  In addition, for Ag films within an interlayer, 
the 200 nm Ag had more significant cracking than the 900 nm Ag.  The influence of the 
interlayer was different than what was observed during tensile tests.  This suggests that the 
influence of the interlayer may change with the maximum strain applied or the straining 
mode. 
Furthermore, it has been shown that there are some apparent differences in results 
between the two methods of bending fatigue tests, but the trends observed in both tests 
appear to be qualitatively comparable, but may not be quantitatively comparable.  This is 
an interesting conclusion as it provides insight that may lead to further investigations of 
the fundamental differences between the mechanics of the bending tests.  
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CHAPTER FIVE 
ELECTRO-MECHANICAL PERFORMANCE OF FLEXOGRAPHIC PRINTED 
AG FILMS UNDER STRAIN 
 
 
5.1.  Introduction to Printed Films and Devices 
As flexible electronic applications are developed, new ways of manufacturing the 
devices are being researched and developed as well [1,12].  One method, roll-to-roll (R2R) 
manufacturing [1,12,71,76,77], involves the continuous motion of a substrate through a 
series of rolls and stations to create designs in high-throughput manufacturing.  As part of 
the R2R manufacturing process, researchers are exploring different printing methods such 
as digital inkjet, gravure, and flexographic printing [10,29,78,79].  Digital inkjet printing 
is a process where a nozzle drops individual droplets of ink onto a substrate to create a 
desired design [28].  Gravure and flexographic printing are contact printing methods in 
which the ink is transferred from an ink well to a plate or cylinder with a master design for 
printing [28].  In gravure printing, a cylinder is covered in ink to fill recesses in the cylinder, 
the excess ink is removed and then the ink in the recesses is deposited onto a substrate [28].  
Similarly, flexography employs a contact method of transferring to the design on a plate’s 
surface before deposition, but instead of the ink filling recesses in the cylinder prior to 
deposition, the design is on a soft polymer plate with a raised image of the design wrapped 
around a cylinder [28].  The ink is then transferred to the raised image and rolled onto the 
substrate. 
These methods of printing can employ special inks that contain metallic 
nanoparticles that are suspended in the ink.  This ink is then deposited onto a substrate that 
is then be heated to remove the solvent and leave a metallic film.  The temperatures and 
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time required for this deposition process has different ranges depending on the ink being 
used and the substrate on which the ink is being deposited.  The resulting metallic films 
are sintered metals, and as researchers have noted, these printed metal films tend to behave 
as brittle materials when tested as deposited [29,40].  This brittle behavior of the film is 
due to the pores in the film that concentrate stresses and facilitate crack initiation and 
propagation [29].   A summary of ink properties is contained within Appendix A.   
In this chapter, Ag films deposited using flexography will be strained using tensile 
and bend testing.  These films were deposited by Mr. S. Rickard from the Sonoco institute 
in 2014.   This sample set allowed for direct comparison between model films to films with 
application in industry.   
5.2.  Experimental Methodology 
          5.2.1.  Film Fabrication 
1.25 μm thick flexographic printed Ag lines were deposited by Mr. S. Rickard 
(Clemson Sonoco Institute of Packaging Design and Graphics). These films were printed 
using an OMET Varylex 530 system with PChem PFI-722 Ag nanoparticle ink onto a 
DuPont Teijin Heat Stable substrate.  Further details of the printing process were described 
by Mr. S. Rickard previously [80].  The films were deposited in 2014 and stored within an 
office until 2016.  The films were not stored in any way as to protect the films from 
environmental conditions, such as UV light or humidity.   
          5.2.2.  Straining Methods and Characterization 
The printed films were strained using monotonic and cyclic tensile testing systems.   
The same protocol outlined in Chapters 2 and 3 for the PVD 900 nm Ag films was also 
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used for the 1.25 μm printed Ag films. In monotonic tensile testing, films were strained to 
30% maximum strain with a loading rate of 5 µm/s and gage length of 15 mm.  For cyclic 
tensile testing the films were strained to a maximum strain of 2% at 0.1 Hz with a gage 
length of 15 mm.  These parameters were used to have a direct comparison with the results 
from Chapters 2 and 3 using 2-3 replicates per test. 
After straining the films were also examined using the same SEM methods 
described in Chapter 2.  Additionally, thermo-gravimetric analysis (TGA) was performed 
by Mrs. K. Ivey on the ink used for depositing the films to estimate the composition of the 
deposited film.  The test was performed in air after allowing the mass of the initial reach 
equilibrium with a heating rate of 20°C/min from room temperature to 140 °C and held for 
1 min to mimic the printing process then continued to heat to 550 °C. 
5.3.  Results and Discussion 
          5.3.1.  Uniaxial Monotonic Tensile Testing 
The normalized resistance and engineering strain is shown for printed Ag lines 
subjected to uniaxial tensile load. A typical result of the relationship between normalized 
resistance and engineering strain is shown for printed Ag lines is shown in Fig. 5.1.  This 
graph also shows the loading and unloading curves of the PVD 900 nm Ag films. Upon 
loading of the film, the normalized resistance follows the theoretical prediction (Eq. 2.4) 
before deviating at approximately 3% strain.  This deviation at this low strain was expected 
since at this point the film would be expected to begin cracking.  The normalized resistance 
then continues to increase during loading, and upon unloading, the normalized resistance 
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begins to recover due to elastic recovery and crack re-bridging, when opposing edges of 
cracks reconnect to some degree.  
 
Fig. 5.1:  Characterization of the printed Ag lines change in normalized resistance during 
applied tensile load and unloading is compared with the theoretical model and 900 nm PVD 
Ag on PET.  At small tensile strains during loading, the system performed close to the 
predictive model.  The relative resistance deviated at 3% strain due to the initiation and 
propagation of cracks within the film.  Upon unloading, the normalized resistance initially 
decreased rapidly until approx. 17.5% strain when the normalized resistance began to 
plateau. 
 
 
The normalized resistance decreased with the gage length and this may be due to 
cracks beginning to close.  However, at approximately 17.5% unloading strain, the 
normalized resistance curve began to plateau and this may signal that plastic deformation 
occurred within the system.  As unloading continued, some cracks may have either closed 
or created bridges further decreasing the normalized resistance.  After unloading, the 
normalized resistance would be expected to decrease further due to viscoelastic relaxation 
of the substrate [64].  Despite this additional decrease, the normalized resistance would 
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still be expected to be larger than the initial value due to cracks and the plastic deformation 
in the Ag.  The cracking within the printed Ag lines can be seen in Fig. 5.2 a and b. These 
cracks formed during loading of the films and were not seen in the as-deposited films.  The 
propagation of the cracks appeared to be assisted by the pores in the film.  
  
Fig. 5.2:  Cracking was observed on the printed Ag lines after monotonic tensile loading 
and unloading. The image on the left illustrates that many cracks in the film remain open 
after unloading leading to higher normalized resistance.  The image on the right (b) is a 
FIB cross section of a through-thickness crack in a printed Ag line showing the brittle 
nature of the film (Image credit: Dr. A. Lassnig). 
 
 
The differing cracking behavior of the printed Ag films may be attributed a number 
of factors including the microstructure and aging at the time of the study.  The 
microstructure of the printed films contains a large number of pores (Fig. 5.2) that were 
not seen within the PVD films.  A second reason may be that the printed films were actually 
a composite of polymer and metal while the PVD films contained 100 wt% Ag.  During 
printing, the polymer binder from the ink may not have been fully evaporated during 
annealing.  Age of the printed film could also play a role with the film oxidizing and 
becoming even more brittle.  In several instances, other researchers have observed similar 
(a) (b) 
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brittle behavior in printed metal films that has been attributed to the porous nature of the 
films [29,30,40].   
          5.3.2.  Cyclic Tensile Testing of Printed Ag Films 
In addition to monotonic tensile tests, cyclic tensile tests were also performed on 
the printed Ag films.  The normalized resistance curve printed Ag lines subjected to cyclic 
tensile testing is shown in Fig. 5.3 a.  The behavior of the printed films was very different 
in overall shape and individual profiles (Fig. 5.3 b) than the previously examined 900 nm 
and 1.8 µm PVD films.  The overall curve shows a dramatic increase in normalized 
resistance from the start and appears to begin to level off after 2,000 cycles suggesting that 
the resistance may reach a saturation point where the unloaded resistance no longer 
increases.  The individual profiles of the cycles had a rounded shape at the peak loads and 
the amplitude of the cycles never appear to increase beyond approximately 0.5. 
While different from other 2% straining tests, the electrical behavior of the films is 
not surprising considering that differences between PVD films and printed films have been 
shown in many studies [29,32,40].  In Glushko et al., inkjet-printed Ag films exhibited a 
similar shape but with a much larger amplitude than the flexographic printed Ag films used 
in this work [40].  The films tend to have a different microstructure than PVD films due to 
the ink and printing process.  As seen in Section 5.3.1, the films are porous and also behave 
differently in the monotonic straining process than PVD films.  In the cyclic straining 
process, the strains are much smaller, so the types of cracking seen in those in monotonic 
tests was not anticipated in cyclic tests.   
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Fig. 5.3:  The normalized resistance for printed Ag films was monitored for 10,000 cycles 
and shown in (a).  The profile of individual cycles after 5,000 cycles can be seen in (b).  
  
The cracking behavior for the printed Ag films after cyclic tensile testing is shown 
in Fig. 5.4, and demonstrates another major difference between the printed and PVD films.  
Unlike in previous films, the cracks in the printed Ag are not oriented in any particular way 
with respect to the straining direction.  Instead, the cracks appear to prefer propagating 
along pores in different directions.  The way cracks initiate and propagate in the film are 
likely tied to the way the films were printed and more characterization and testing of these 
films will be needed.  Additionally, the tendency of these cracks to form in many different 
directions and not just perpendicular to the straining direction may explain why the 
amplitude of the normalized resistance did not increase as much as some of the PVD films. 
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Fig. 5.4: SEM micrograph of a printed Ag line after 10,000 cycles of tensile straining.  
Cracks are observed propagating in several directions and the direction of propagation 
appears to be independent of straining direction, which is in the vertical direction. 
 
 
5.3.3. Thermo-Gravimetric Analysis of Ag Nano-particle Ink PChem PFI-722 
The ink used for the fabrication of the printed Ag films (PChem PFI-722) was 
analyzed using TGA to help determine how much residual polymer binder may be left in 
the ink following deposition.  The mass of the initial sample was approximately 34.15 mg.  
This mass was observed to rapidly decrease when placed into the machine, so the mass was 
allowed to settle to avoid any problems with the test.  The settled mass at the start of the 
test was 23.35 mg.  After heating through the hold point of 140°C, the mass dropped by 
6.5 wt% to approximately 21.82 mg.  Following the heating to the end of the test, the mass 
had dropped an additional 8.1 wt% to 19.91 mg.  This mass falls within the expected range 
reported for the Ag content for this ink [81].  The mass after hold would suggest that the 
printed film would have approximately 8.7 wt% of non-Ag components which could 
contribute to the behavior observed in the films during mechanical testing.  These added 
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components would create defects in the film that could influence the mechanical behavior 
of the film. 
5.4.  Conclusion 
Printed Ag lines that were subjected to monotonic tensile testing exhibited 
contrasting electro-mechanical behavior to the PVD films.  The printed Ag lines had an 
observed deviation strain at 3% strain and R/R0 values at maximum strain and after 
unloading of 4.1 and 2.5, respectively.  The deviation strain was lower than any of the PVD 
films and the values for R/R0 were much higher.  This contrast is due to the method of 
deposition and structure of the film that results in a brittle film that forms through-thickness 
cracks at low strains.  The behavior aligns with previous work that has also shown that 
printed Ag films fail electrically at low strains due to the brittle nature [73]. 
Printed Ag samples exhibited a different profile of the normalized resistance over 
10,000 cycles than the PVD samples, which was expected as the films are a sintered 
metallic film.  The unexpected part was that the cracking in the printed Ag propagated in 
several directions and seemed to be independent of the straining direction.  This behavior 
is likely due to the printing process leaving pores and other defects that may be preferable 
for the cracks to propagate along. 
TGA test analysis suggested that there was residual polymer in printed Ag films 
and could have been as large as 8.7 wt%.  This residual polymer could influence 
mechanical behavior of the films and also the propagation of cracks during straining.  
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CHAPTER SIX 
CONCLUSIONS AND FUTURE WORK 
 
6.1. Summary of Conclusions 
This work extended the understanding of Cu film damage during monotonic and 
cyclic loading to Ag films. This was an important step since Ag is being explored for use 
in electronics. Throughout this work, it has been seen that the influence of film thickness 
(200-1,800 nm), substrate (Kapton, PEN and PET), and interface composition modified 
with the inclusion of an interlayer on the response of PVD Ag films on polymers to strain 
varies depending on the straining mode and each other.  In this study, we deposited Ti 
interlayers which can be assumed to have been turned into an oxide [34,82,83].  The 
normalized resistance of these films was monitored and used along with observations of 
film structure and damage to determine how each factor might impact long term 
performance.  
In monotonic tensile testing results of the PVD Ag films, it was seen that the 
substrate (PEN, PET, and Kapton) had a greater effect on the normalized resistance and 
the damage in the Ag films than the inclusion of a Ti interlayer.  In films on Kapton, 
normalized resistance tended to deviate from the theoretical predictions with the inclusion 
of an interlayer.  Additionally, cracking behavior inside the films was observed to be 
similar in type between the different film/substrate systems, but the severity of cracking 
was different between the film types.  While the results of the Ag films on Kapton 
indicated that the Ti interlayer increased cracking, the results from tests of systems with 
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Ag films on PEN and PET showed that the substrate could also influence the electro-
mechanical behavior of the Ag film in different ways.  Ag films on PEN showed an increase 
in cracking density during monotonic straining and strongly deviating from the theoretical 
prediction of normalized resistance.  However, the normalized resistance curves of the Ag 
films on PET showed only a slight deviation from the theoretical prediction. 
In cyclic tensile testing, it was shown that both the Ti interlayers and the Ag film 
thicknesses had an effect on the film’s electro-mechanical behavior.  More specifically, the 
interlayer and an increase in film thickness caused large changes in amplitude of the 
normalized resistance compared to the film with 900 nm Ag film on Kapton.  For 900 
nm Ag films on PEN, it was shown that the interlayer had the same effect as it did in films 
on Kapton, but additionally the substrate appeared to affect the magnitude of normalized 
resistance and amplitude over cycles as the films had higher normalized resistances than 
films on Kapton.  These effects were also apparent in the cracking behavior.  While films 
without interlayers were dominated by extrusions and small cracks films with interlayers 
were dominated by long brittle cracks with some samples showing some amounts of 
smaller cracks.  Additionally, the thicker films exhibited only long brittle cracks similar to 
the films with an interlayer. 
While tensile tests results indicated that interlayers resulted in increased crack 
densities, the observations from bending fatigue tests showed that these interlayers are not 
always detrimental.  For 900 nm Ag films, films with an interlayer appeared to have 
developed a similar amount or fewer cracks than films without an interlayer. However, the 
thinner Ag films (200 nm) had a conflicting result.  No cracking appeared in 200 nm Ag 
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films without an interlayer and significant cracking appeared when the interlayer was 
present.  In addition, the comparison of the FLEX-E-Test and Clemson bending test has 
shown that the trends that developed as a result of the two types of tests are similar, but a 
quantitative comparison of the results appears to be more complicated.  A direct 
comparison of the measurements between the two types of tests must note that the area of 
cracking of these two tests are different, and the lack of control on both sides of a sample 
in the FLEX-E-Test set-up may lead to different magnitudes of cracking due to additional 
uncontrolled strains. 
Lastly, printed 1,250 nm Ag films were tested using tensile and bending tests and 
the results compared to those of the PVD films (900 nm). The printed films had a high 
number of pores and were shown to have some residual polymer. For these printed films 
in monotonic tensile tests, the cracking was much more widespread than the localized 
cracking observed in PVD films.  Additionally, the observed cracking behavior indicated 
that these films were brittle. It was also observed that while the magnitude of change of the 
normalized resistance was comparable to films adhered to PEN substrates during cyclic 
tests.  These films would deviate from the theoretical predication at strains larger than 
approximately 3% strain.  
6.2. Future Work 
 The work in this thesis has provided insight into the influence of film thickness, 
substrate, and inclusion of an interlayer on the electro-mechanical behavior.  Although, 
further investigation into these influences would allow for a deeper understanding of these 
influences.  Different methods of in situ microscopy (SEM or CLSM) could allow for a 
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better understanding of the development of cracks and the determination of through-
thickness cracks in tensile straining.  Additionally, performing cyclic tensile tests on 200 
nm Ag films to 2% maximum strain and 1% strain tests of thicker films (900 and 1,800 
nm) would allow for a better comparison of film thickness and interlayer influence.  It 
would also be beneficial to the understanding of the printed Ag behavior to examine brand 
new films.  This could further the understanding of the effect of aging of printed Ag films. 
This thesis focused on how as fabricated samples responded to external load. While 
this work is important, it may be expected that many devices will undergo scratching and 
wear either prior to or in parallel to stretching and bending.  Therefore, we initiated some 
exploratory experiments to test the potential for further inquiry into the observed behavior.  
These experiments are detailed in Section 6.2.1.  They involved observing the effects of 
scratching on mechanical and electrical behavior of the 900 nm Ag films produced by PVD.  
In addition, other avenues of further research have been proposed, including examination 
of the effects of an encapsulation layer and the influence of a film’s microstructure on the 
electro-mechanical behavior of the film. 
6.2.1. Influence of Wear on Electro-Mechanical Performance of Films Under Strain 
 A number of experiments were conducted to examine the effects of scratching and 
wear on the electro-mechanical performance of sputtered Ag films.  Since there are many 
potential applications and environments for flexible electronic devices, it may prove useful 
to understand how the films behave when they are exposed to scratching or wear that may 
be experienced in applications.  The three types of experiments run were cyclic scratching 
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of the films, scratching followed by bending fatigue tests, and scratching followed by 
monotonic tensile testing with in situ resistance measurement. 
 In the first type, films were mounted on the FLEX-E-Test set-up in two methods.  
The first method, specimens were placed into the grips of the FLEX-E-Test with a piece of 
1 µm TEM polishing paper was mounted on the counterface.  In the second method, the 
specimen was mounted on the counterface and a sectioned piece of polishing paper was 
placed into the grips.  With both mounting methods, the specimen would then be scratched 
over different numbers of cycles up to 100 cycles and then the specimen would be removed 
and the resistance would be measured with a two-point probe.  Initial results showed that 
scratching alone did not cause significant enough damage to effect the electrical 
performance of 900 nm Ag films. 
 Ag films were scratched and subsequently subjected to bending fatigue tests with a 
5 mm bending radius on the FLEX-E-Test described in Chapter 4.  900 nm Ag/Ti/PEN 
specimens were mounted onto the counterface of the FLEX-E-Test and scratched 50 times 
with 1 µm TEM polishing paper.  The orientations of passes across the polishing paper was 
kept constant at either parallel, perpendicular, or 45°.  Specimen resistance was measured 
before scratching, after scratching, and after bending using a two-point probe.  The initial 
results appeared to show that there was little effect on the electrical performance of the 
films due to scratching and/or bending.  However, examination of surfaces suggested that 
the scratches may have facilitated the formation of some cracks. 
 Lastly, specimens were subjected to both scratching and subsequent uniaxial 
monotonic tensile testing.  These specimens were Ag/PEN that were scratched at 
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orientations parallel, perpendicular, and at 45°, similar to the previous scratch and bend 
samples.  The specimens were then subjected to monotonic loading up to 30% strain using 
the MTS set-up described in Chapter 2.  While the tests were not numerous enough to 
warrant any definitive conclusions, the results suggested that for larger strains certain 
orientations of scratching could be detrimental or beneficial. 
6.2.2. Effect of Encapsulation Layer 
Most electronic devices have encapsulation to some degree [9,12,72,76].  This 
encapsulation can be in the form of a thin outer layer that may laminate circuitry or in the 
form of hard casing seen around many devices.  These encapsulation layers serve to protect 
the components that comprise the device from atmospheric effects, such as corrosion, and 
other environmental perturbations, such as impacts.  Mechanically, these layers can add 
extra support to the functional portion of the film that may make the component able to 
withstand more strain before failure at the expense of flexibility.  These layers may help 
reduce strain in the film, but there is a possibility of adhesion issues with the additional 
interface, which could lead to poor electro-mechanical performance. 
6.2.3. Influence of Microstructure on Sputtered and Printed Ag Films Under Strain 
The microstructure of a specimen influences its properties [26].  It has been seen 
that changes in microstructure could affect the electrical and mechanical properties of thin 
metallic films adhered to polymeric substrates [29,51,84,85].  Through changing 
deposition parameters or additional processing after deposition, the microstructure could 
be controlled or adjusted to produce different grain size and porosity in the film.  
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APPENDIX A 
 
PROPERTIES OF COMMERCIAL METALLIC INKS UTILIZED FOR PRINTING 
 
Table A.1: Commercially available Ag containing inks for use in printed metallic thin films offered by various manufacturers 
including specifications for use as recommended by the manufacturer.  (Compiled with undergraduate researcher Mr. B. 
Graczyk.) 
Manufacture Specs.  
Manufacturer  Product ID  
Processing  
Ink Type &  
Printing 
Method  
% Metal 
Content✝  
(wt %)  
Particle 
Size  
Substrate 
Pairing  
Reference  
 
Time  Temp  
 
Novacentrix:  
PChem  
PFI-722  < 2 s 
< 5 s  
10 – 60 s  
> 3 min  
Infrared  
Conduction  
Convection, 140°C 
Convection, 80°C  
Flexographic 
Gravure  
60 % Ag  “Nano”  Polyester  1  
 
Novacentrix:  
PChem  
PSI-211  < 5 s 
15 – 90 s  
>2 min  
Infrared  
Convection, 140°C 
Convection, 100°C  
Screen  42 % Ag  “Nano”  Polyester,  
Polycarbonate,  
Coated Paper,  
Card Stock  
2  
 
Novacentrix:  
PChem  
PSI-219  < 5 s    
15 – 90 s  
>2 min  
Infrared  
Convection, 140°C 
Convection, 80°C  
Screen  40 % Ag  “Nano”  Polyester,  
Polycarbonate,  
Coated Paper,  
Card Stock  
3  
 
Novacentrix:  
PChem  
PSPI-1000  5 – 30 s  
1 min  
3 min  
15 min  
Infrared  
Convection, 120°C  
Convection, 100°C  
Convection, 75°C  
Aerosol  35 – 45 % “Nano”  Polycarbonate,  
ABS 
4  
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Novacentrix:  
Metalon  
JS-A101A  10 min  Convection, 140°C  Inkjet  40% Ag  30 – 50 
nm  
Polyester,  
Polycarbonate,  
Polyimide  
5  
 
Novacentrix:  
Metalon  
JS-A191  10 min  Convection, 140°C  Inkjet  40% Ag  30 – 50 
nm  
Polycarbonate,  
Polyester  
6  
 
Harima  NPS-JL  60 min  Convection, 120°C  Inkjet  55% Ag  7 nm  Polyester  7   
Harima  NPS-J  60 min  Convection, 220°C  Inkjet  65% Ag  12 nm  Polyimide  7   
UT Dots  UTDAg40X  120 min  Convection, 120 - 
140°C  
Aerosol  25 – 40 % 
Ag  
10 nm  Polyester  8  
 
UT Dots  UTDAg40IJ  120 min  Convection, 130°C  Inkjet  55 – 60 %  10 nm  Polyimide,  
Polycarbonate  
8  
 
Advanced 
Nano Products  
(ANP)  
DGP 40LT-
15C  
N/A  Convection, 120 – 
150°C  
Inkjet  30 – 35 % 
Ag  
“Nano”  Polyester,  
Polyimide,  
Polycarbonate  
9  
 
Nano 
Dimension  
AgCite  
(product 
line)  
N/A  Infrared  
Convection, >130°C  
Inkjet  20-70% Ag  10-100 
nm  
Polyester,  
Polyimide,  
Coated Paper,  
Coated Textile  
10  
 
Applied Ink 
Solutions  
Ag-594 4 min  Convection, 130°C  Flexographic  
Gravure  
65% Ag  <15 μm  Polyester,  
Polyimide,  
Polycarbonate  
11  
 
Creative 
Materials  
125-28  N/A  Convection, 50 –
100°C  
Flexographic  66% Ag  N/A  Polyester,  
Polyimide,  
Polycarbonate  
12  
 
Creative 
Materials  
124-02  10 min  Convection, 125°C 
Convection, 50 – 
150 °C  
Flexographic  66% Ag  N/A  Polyester,  
Polyimide,  
Polycarbonate  
13  
 
Xerox  Xcm-
nsFLX  
10 min  Convection, >120°C  Flexographic  N/A  <20 nm  N/A  14  
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✝ Weight percent of ink before curing.  
  
 
 
References for Appendix A 
  
1. Novacentrix, PFI-722 Conductive Flexo Ink; 2015, (accessed 10/5/17).  
2. Novacentrix, PSI-211 Conductive Screen Ink; 2015, (accessed 10/5/17).  
3. Novacentrix, PSI-219 Conductive Screen Ink; 2015, (accessed 10/5/17).  
4. Novacentrix, PSPI-1000 Conductive Spray Ink; 2015, (accessed 10/5/17).  
5. Novacentrix, Metalon JS-101A and JS-A102A; 2017, (accessed 10/5/17).  
6. Novacentrix, Metalon JS-191; 2017, (accessed 10/5/17).  
7. Harima, Nanopaste Series; 2016, (accessed 10/5/17).  
8. UT Dots, Our Products: UTDAg Conductive Silver Nanoinks; (accessed 10/5/17).  
9. Advanced Nano Products, Silver Jet Ink; (accessed 10/5/17).  
10. Nano Dimension, AgCite Highly Conductive Silver Inks for Printed Electronics, 2016, (accessed 10/5/17).  
11. Applied Ink Solutions, Technical Data Sheet Ag-594 Flexo Printable Silver Conductive Ink, 2017, (accessed 10/5/17).  
12. Creative Materials, 125-28 Conductive Ink & Coating, 2012, (accessed 10/5/17).  
13. Creative Materials, 123-02 Waterborne, Low V.O.C., Low Conductive Ink & Coating, 2005, (accessed 10/5/17).  
14. Microdrop Technologies, Commercially Available Conductive Inks, (accessed 10/5/17).  
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APPENDIX B 
TABLE OF TEST SAMPLE REPLICATES 
Table B.1:  Number of sample replicates run for each sample type and test. 
Samples fabricated 
(Clemson) 
Monotonic Tensile 
Test (ESI) 
Cyclic Tensile 
Test (ESI) 
Bending 
(FLEX-E-
Test ESI) 
Bending 
(Clemson Dev.) 
Film Type Interlayer Substrate     
200 nm Ag No 
Kapton 
 2 2 2 
200 nm Ag Yes  2 2 2 
900 nm Ag No 3 2 4 2 
900 nm Ag Yes 3 3 4 2 
1,800 nm Ag No  2 4 2 
200 nm Ag No 
PEN 
 2 2 2 
200 nm Ag Yes  2 2 2 
900 nm Ag No 3 2 4 2 
900 nm Ag Yes 3 2 4 2 
900 nm Ag No 
PET 
3    
900 nm Ag Yes 3    
Printed Ag No PET 2 2 4 6 
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